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Abstract
The use of EJ-299 for security applications, with a focus on active interrogation environ-
ments, has been investigated; in this application a plastic scintillator capable of n/gamma
discrimination is extremely attractive. Development of a system incorporating EJ-299
for this application requires consideration of the effect of a high flux, dynamic, mixed
neutron/gamma field on performance. Using EJ-299 plastic scintillator, the effects of
geometry on the observed quality of pulse shape discrimination (PSD) is demonstrated,
through the use of a digital data acquisition system and a digital version of the charge
integration PSD algorithm. Figure of merit data (FOM) shows that as the geometry
moves away from a cube like structure towards flat panel shapes, PSD deteriorates. The
effect of the incident flux on the observed quality of PSD for EJ-299 has been investi-
gated using an X-Ray generator. Separate neutron and gamma energy calibrations for
an EJ-299 detector have been obtained through the use of well defined end point energy
neutrons and sealed gamma sources. Throughout the thesis, discussion is had on how
to best optimize a digital data acquisition system (DAQ) for PSD.
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Chapter 1
Introduction
Neutron gamma discrimination has been a hot topic of research for the last century and
continues to be such at the beginning of this one [8, 9, 10]. The ability to discriminate
between signal pulse shapes created within a scintillator (Pulse Shape Discrimination,
PSD), that are the direct result of one or many types of radiation, can be very useful not
only for pure research opportunities but also applications within the commercial market,
such as the security sector. Advances in this field are of interest to security applications,
such as boarder monitoring, as detector systems are often required to be sensitive to
both neutron and gamma radiation. The ability to perform reliable PSD allows a single
detector type to perform both functions of being neutron and gamma sensitive whilst
also being able to tell the two types of radiation apart. This has implications in terms
of performance, cost and complexity.
Ever since this field of research began, crystal organic and liquid scintillators have always
traditionally shown good levels of pulse shape discrimination, making them the standard
for any application that requires this function. However, when dealing with scintillators,
the ideal form of detector has always been plastic as it is cheaper and easier to handle.
To produce a plastic scintillator that is capable of generating pulses that can noticeably
10
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be seen to have different forms depending on the radiation that created them within
the active area such as what is achievable in liquids, is the next step. In 1960 a paper
by Brooks et al [11] was released detailing a then recently produced plastic, codename
“plastic 77” that showed good levels of PSD comparable to that of liquid NE-213 and
Stilbene crystal scintillators known to have high levels of PSD [12]. A further paper,
written by Horrocks et el [13] in 1963, revisits this plastic, with its new commercial name
NE-150, where it reveals that to obtain these levels of PSD. A second scintillation dye
was introduced to a polyvinyltoluene base. The result of this, however, was to reduce
the light yield of the scintillator significantly, making it non viable. NE-150 also had
low radiation hardness levels and in most cases, became cloudy after 1 year of use. It
was not until 2012 that this light yield problem was overcome. The Lawrence Livermore
Laboratories in the US released a paper by Zaitseva et al [14] detailing their recently
created plastic with no apparent downsides such as a decrease in light yield that has
been associated with PSD capable plastics in the past. This is now purchasable from
Eljen as EJ-299.
Due to recent world events, countries within the developed world are becoming more
and more interested in safe guarding their lands against the possible threat of a terrorist
attack. As such, the detection of illicit transport of special nuclear material (SNM) is of
interest for security applications [15]. The need for new and improved methods of detect-
ing this illegal radiological material entering countries must therefore be investigated.
Passive radiation detection is limited by the amount of radiation emitted, the presence
of attenuating material and the time available for measurements. Active interrogation is
one method of detecting SNM which utilises probing radiation to induce fission within
the SNM which can not easily be shielded. If SNM is present the products of the in-
duced fission (gammas and neutrons) will provide a characteristic signature as evidence
of the presence of SNM. The nature of the signature is dependent on the properties of
11
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the interrogation beam [16].
AWE, in collaboration with the Naval Research Laboratory, have conducted active in-
terrogation experiments using a wide range of neutron and gamma interrogation sources
such as sub 10 MeV end point energy bremsstrahlung [17] [18]. Methods used consist
of an initial radiation flash, that lasts 100s of nanoseconds. This radiation flash, can
interact with any SNM within the beam, causing the material to emit its own signature
radiation up to a number of milliseconds, after the initial radiation flash. Some detectors
used in these experiments [19] [20] have become saturated and dead for milli seconds
after the probe pulse. This “dead time” then overlaps with the delayed radiation emitted
by the SNM, therefore crucial information is lost. AWE have petitioned the University
of Surrey, the University of Lancaster and University College London, to produce a de-
tector system that does not go dead, or at least has some form of gating to control,
which would ensure the detector only turns on when the radiation levels are low enough
for it to function correctly. The detector must perform rudimentary imaging (localiza-
tion) and achieve neutron gamma discrimination. The University of Surrey’s role in the
project is to fully understand the new EJ-299 plastic and how it can be incorporated
within a final system.
This thesis details the work with EJ-299 in line with the overall project goals. How the
geometry of the plastic scintillator effects the overall level of PSD is discussed along with
the performance of the plastic in high flux environments. Work has been carried out
to overcome the problem of detector dead time when dealing with real world security
environments. Using the neutron facilities at the National Physics Laboratory (NPL) in
the UK, separate neutron and gamma energy calibrations have been obtained for EJ-299
in order to see how the same energy events produce different current pulses in the detec-
tor when caused by different radiation types. An overlapping theme with all the main
12
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goals of this project is how to get the best PSD possible. For the PSD algorithm used
in this work optimization has been performed and various equipment such as type of
digitizer used to record the data has been studied in order to understand individual com-
ponents effects on the end result. However, compromises had to be made in order for the
system to also perform localization that served to reduce the PSD abilities of the plastic.
Chapters 2 and 3 of this thesis detail the background theory that is needed to understand
this field of research, chapter 2 is a general over view of radiation interaction with matter
whilst chapter 3 builds upon chapter 2 and shows how it is used in order to detect neutron
and gamma radiation in scintillators. Chapter 4 describes the experimental setups and
test equipment used throughout the project and chapter 5 details the subsequent results.
13
Chapter 2
Radiation Interactions
2.1 Introduction
To correctly characterize and understand the properties of scintillator detectors and their
use in detecting radiation, all of the aspects that go into creating a measurable signal
from a detector must be understood. The end result from the readout of a standard
detector is a current pulse, the form and length of which is governed primarily by the
type of scintillator that is being used (Organic, Inorganic, Solid, Liquid) and secondarily
by the associated electronics that the scintillator is coupled to, such as the choice of
photomultiplier tube and voltage dividers.
When ionizing radiation is incident on a scintillator light is produced. The mechanisms
for this vary between organic and inorganic scintillators. The major ionizing radiation
types, either charged (heavy charged particles or fast electrons) or uncharged (photons
and neutrons), interact differently within the detector medium, resulting in differences
to the produced light. These topics are presented briefly in this chapter, more detailed
discussions can be found in Knoll [21]. In this chapter, more detail is given to the inter-
action of two specific forms of radiation, fast neutrons and gamma ray radiation. These
14
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two distinct radiation types interact very differently within scintillators, this difference
leads to the production of light with unique properties that can be seen by modern
digital analytical techniques. Detectors that make use of this difference to distinguish
between the two types of radiation are explored here.
2.2 Radiation Interactions with Matter
2.2.1 Overview
The majority of this work is concerned with the detection and identification of neutron
and gamma based radiation events. However, as many of the reactions that occur to
produce fast neutrons also can produce several other forms of radiation, it is important
to understand their interaction mechanism as well. The overview of radiation interaction
with a medium are summarized in table 2.1.
Table 2.1: Summary of charged particle interaction with matter
Heavy Charged Particles Electrons
Interaction
Process
Coulomb Force: Positive charge
of the incident particle and
the negative charge of an
orbital electron in the target nucleus
Coulomb Scattering: Negative
charge of the incident electron
and the negative charge of an
orbital electron in the target nucleus
Path Straight through the material
Scatters as it passes through the
material
Range Short
More penetrating then heavy
charged particles
Energy Loss
Process
Ionisation and excitation
Ionisation, excitation and
electromagnetic radiation
Rate of
Energy Loss
High Low
15
CHAPTER 2. RADIATION INTERACTIONS
2.2.2 Alpha Particles (and Other Heavy Charged Particles)
Alpha particles contain two protons and two neutrons analogous to a helium nucleus.
An alpha particle can lose a portion of its energy in a collision with a single electron,
the maximum amount of energy loss that is possible in a single collision is given by:
∆E =
4Eαme
Mα
(2.1)
where
∆E is the energy loss
Eα is the kinetic energy of the alpha particle
me &Mα are the masses of the electron and alpha particle respectively
As an electron’s mass (9.11× 10−31 kg) is over 7000 times smaller then that of an alpha
particle (6.64 × 10−27 kg), equation 2.1 would suggest an alpha particle will go under
many collisions before it is able to come to a complete stop. As an alpha particle de-
accelerates, the energy loss per unit length traveled is quantified by the linear stopping
power S, this is given by the Bethe equation [22]:
S = −dE
dx
=
4πe4z2
moV 2
NB (2.2)
where
B = Z
[
ln
2moV
2
I
− ln
(
1− V
2
c2
)
− V
2
c2
]
(2.3)
where
V is the velocity of the incident particle
N & Z are the number density and atomic number of the target nucleus
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e is the electronic charge
mo is the electron rest mass
I is the excitation/ionization potential of the material
For non relativistic charged particles (V << c) only the first term in equation 2.3 is
relevant. Equation 2.2 shows dEdx ∝ 1V 2 , i.e. energy loss varies inversely with charged
particle energy.
2.2.3 Electrons
The electron is a sub atomic particle of negative charge with a mass of 9.11 × 10−31
kg. Due to the interaction mechanism of electrons in matter, it is possible to achieve
large scattering angles between the incident electron and orbital electron of the target
material. As well as the possible mode of interaction mentioned here and in table 2.1,
it is possible for the incident electron to interact with the nucleus of the target material
via Bremsstrahlung which results in an abrupt change in direction of travel for the elec-
tron. Due to this secondary mode of interaction a second term is needed for the overall
stopping power of electrons in material:
S =
(
dE
dx
)
c
+
(
dE
dx
)
r
(2.4)
where
c denotes the term relating to energy loss through ionization and excitation
r denotes the term relating to energy loss through electromagnetic radiation
At high energies (100 MeV or more) the contribution of these two terms is equal, how-
ever for the energy regime of this work (no more then 5 MeV) the contribution of the
radiative term is negligible and only the collision term is significant. Further to this
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the lower the atomic number of the absorber material, the less effect the radiative term
has, plastic and liquid scintillators generally are made of low-Z material, again reducing
the effects of this second term. Figure 2.1 shows some of the possible outcomes of an
electron interacting with a target material.
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Figure 2.1: Diagram showing the possible modes of interaction for an electron with a target
material.
The lower specific energy loss that electrons exhibit in matter, over that which is seen
from heavy charged particles, allows them to travel greater distances within absorber
materials than radiations with greater mass. This greater distance however is less well
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defined as scattering events can cause electrons to back scatter resulting in a reduction
in overall depth penetrated. This results in the classification of two separate terms, the
maximum path length traveled and the overall maximum penetration depth. Generally,
a value of Range×AbsorberDensity is calculated for materials with the product remains
constant for the majority of absorber materials at any incident radiation energy. This
value is known as the absorber thickness and has units of g/cm2, typically high-density
materials, result in shorter ranges, typically <1 mm for 1 MeV or more electrons [23].
The effect of an absorber on a radiation beam of intensity Io for a variable thickness is
given by:
I = Ioe
−nx (2.5)
where
I is the intensity of the beam after passing through the absorber
x is the absorber ”‘thickness”’ in g/cm2
n is an absorption coefficient that can empirically be found with units cm2/g
Equation 2.5 does not hold for energies lower than a few keV.
2.2.4 Photon Interactions
There are three main ways in which a radiation photon can interact within a detector
medium [24], they are:
• Compton Scattering
• Pair Production
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• Photoelectric Absorption
These modes of interaction are important to radiation detector physics. The relative
probability of one of these occurring can be seen in figure 2.2. Depending on the molec-
ular make up of the scintillator and the energy of the incident photon one of these three
mechanisms becomes the dominant mode of interaction [25].
Figure 2.2: The dominant major photon interactions as a function of photon energy and ab-
sorber atomic number.
The Photoelectric Effect
In the photoelectric effect, an incident photon undergoes a reaction with a target atom
such that the incident photon is annihilated completely. An atom will absorb the in-
cident photon and eject a photoelectron from an electron shell, in the case where the
incident photon is a gamma ray photon; this will most likely be from the most tightly
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bound K shell. As the mechanism for this reaction requires the whole atom, it does not
take place with a free electron. The photoelectron that is created has an energy given by
Ee = hν − Eb (2.6)
where Eb represents the binding energy of the photoelectron from its original shell. This
ejection of a photoelectron creates a vacancy in the shell it came from which can be
filled by an electron. This can come from either outside or inside the atom creating a
characteristic X-ray; as such the above process can be repeated if the atom then ab-
sorbs this X-Ray. Alternatively the photoelectron may lose its energy by transferring its
energy to an Auger electron, which is emitted from the atom. The kinetic energy this
Auger electron has is the same as the difference in energy levels between the atomic shells.
This mode of interaction is the most common for gamma rays of low energy, especially if
the target material is a high Z material. As the process results in complete conversion of
the photon energy to electron energy, it enables the full photon energy to be measured
which is useful for gamma spectroscopy as it is characteristic of the radiation source
present during the measurement.
The Compton Effect (Inelastic Scattering)
In low-Z materials such as liquid or plastic scintillators, gamma rays mainly interact by
Compton scattering [26], and so the energy spectrum consists of a Compton continuum
and edge, but no photo peak. In a scattering event, a photon collides with an electron
within the target material depositing part of its energy to the electron before moving off
at a new angle. The electron absorbs the energy lost by the photon and recoils with a
22
CHAPTER 2. RADIATION INTERACTIONS
kinetic energy E′e:
Figure 2.3: A incident photon of energy Ep, collides with an electron at rest, and a new photon
of energy E′p emerges at an angle θ.
From conservation of total mass energy:
Ee + Ep = E
′
e + E
′
p (2.7)
where
e denotes the electron
p denotes the photon
′ after collision
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By taking into account that photons have momentum and that the energy of a photon
is given by
E = hν (2.8)
were h is Planck’s constant and ν is the frequency of the wave, one can derive an equation
for the change in energy or wavelength that the incident photon has after the collision
with the electron. This change in energy depends on scattering angle and is given by:
E′p =
Ep
1 +
Ep(1−cosθ)
moc2
(2.9)
Therefore the kinetic energy T, of the recoil electron is given by:
T = Ep − E′p = Ep(1−
1
1 +
Ep(1−cosθ)
moc2
) (2.10)
There are two extreme cases of scattering which make up the lower and higher ends of
the Compton continuum.
1. Small angle scattering or grazing angle when θ = 0, cos(θ) = 1. In this circum-
stance E′p is almost the same as Ep and so E
′
e = 0. The recoiling electron has no
energy and the recoiling photon is scattered at a minimal angle resulting in very
little energy loss.
2. A head-on collision where θ = π. In this circumstance the photon is back-scattered
along the same path that it was traveling on before collision. The recoil electron
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recoils along the direction of incidence. In this case the recoil electron energy is
given by.
EMAX = Ep
2Ep
Mec2
1 +
2Ep
Mec2
(2.11)
As the energy a detector can see depends on a scattering angle, a feature of an energy
spectrum known as a Compton continuum forms, as seen in figure 2.4. Equation 2.11
represents the maximum energy a detector could be capable of seeing, if the incident
photons mode of interaction was Compton Scattering, this falls to the far right of the
Compton continuum. Also seen in this energy spectrum is the photo peak that results
from pair production, this is not always present in low-Z detectors.
Figure 2.4: Representation of a spectrum with an ideal Compton Continuum
Pair Production
If a gamma ray has more than twice the energy of the rest mass energy of an electron
the process of pair production is energetically possible but not necessarily dominant; it
does not become so until the gamma rays reach MeV of energy. This reaction takes place
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within the Coulomb field of a nucleus, and it can not happen without the presence of an
atom. In this interaction the gamma ray photon annihilates completely and produces
an electron-positron pair. Any energy above 1.02 MeV that the incident photon had is
transferred to kinetic energy between the electron and positron.
Once the positron slows down enough within the material it will annihilate creating two
annihilation photons. In a low Z material, the photoelectric cross section is too low for
pair production to have enough effect for a photo peak to emerge. The only information
one can get from a gamma ray interaction in low Z material, is the spread of energy that
the gamma ray electrons can take via the most dominant gamma ray interaction, in this
case the Compton scattering events.
2.3 Neutron Interaction With Matter
Neutrons having no net charge are detected in a different way from the other charged
types of radiation. This section will cover the extra steps that result in the creation of
light in a scintillator when the incident radiation has been a neutron and the associated
theory.
Neutrons are sub-atomic particles of zero charge, they have an approximate mass of
939.565 MeV/c2, 1.675 X 10-27 kg or 1.008 u (atomic mass unit) which is very slightly
more than a proton (1.007 u). Neutrons and protons are referred to as ”‘nucleons”’ as
they form the nucleus within atoms. While a neutron which resides in a nucleus is stable,
an unbound (free) neutron will undergo spontaneous beta decay to a proton, creating
an electron and electron anti neutrino in the process [27]. Having no charge neutrons
interact via the strong force which, due to its short range (less the 10-13 cm of the nu-
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cleus) makes the neutron a highly penetrative radiation that is hard to shield against [28].
There are two modes of interaction that a neutron can have with a nucleus:
• Absorption - The neutron is absorbed by the target nucleus which in turn will
decay by a range of decay modes.
• Scattering - The neutron collides with the nucleus of the target material and scat-
ters off at a new angle and reduced energy.
The probability of either of these occurring depends on the energy of the neutron and
the type of material the neutron is interacting with. These mechanisms can be further
broken down as shown in Figure 2.5
Figure 2.5: Neutron reaction channels, X represents any charged particle emission, Y is any
integer value
The majority of these reactions are of little consequence to this work as the detector to
be used is a plastic scintillator that detects neutrons primarily via proton recoil (elastic
scattering). Some detail will be given to the discussion of absorption with regards to
thermal/slow neutrons. However, the most important process here is elastic scattering.
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2.3.1 Neutron Energy Classifications
The energy range that neutrons can take varies greatly depending on how the neutron
has been generated, these energies can range from just a few eV to tens of GeV. Due to
this it is often desirable to split these energies into regions that can be defined separately.
The classifications of these regions varies from one source to another and can span several
energy ranges, in this work we focus on three regions:
• Thermal Neutrons - E <=0.5 eV (Cadmium cut off energy [29])
• Slow Neutrons - 0.5 eV < E < 100 eV
• Fast Neutrons - E >100 keV
These categories allow detectors to be optimized for the different energies regimes as the
mechanisms used for the detection of thermal neutrons are not the same as for fast neu-
trons. For simplification any neutron with energy above 100 eV will be referred to as fast.
2.3.2 Material Cross-Sections
The cross section is a value (area) which characterizes the likelihood of a scatter-
ing/absorption event occurring when an incident radiation interacts within a material.
When designing detectors/experiments to detect radiations of given energies, the cross
section for the reaction must be considered. The cross section will vary depending on
the energy and mass of the radiation and the density/atomic number of the target ma-
terial [30].
28
CHAPTER 2. RADIATION INTERACTIONS
The Microscopic Cross-Section
Different materials will affect neutrons in different ways with regards to how far a neu-
tron can penetrate said material, and how likely one of the previous stated modes of
interaction is likely to occur. In a simplified model a parallel beam of monoenergetic
neutrons is incident on a target material, see figure 2.6. Depending on several factors,
these neutrons will either be absorbed by the material, go under several collisions before
emerging with a reduced energy or pass through the material without any interaction at
all.
Figure 2.6: Schematic diagram for the explanation of the microscopic cross section; Vn and ρn
is the velocity and number density of the incident neutron beam respectively; A, x and N are the
cross-sectional area, thickness and number density of the target material.
The rate (R) at which one of these reactions may occur in a material is given by:
R = σVnρnAxN (2.12)
where σ is a constant of proportionality for a material. Dividing 2.12 by the volume of
the target material V , which is equal to Ax gives the reaction rate density R′ which is
defined as the amount of neutron interactions occurring per unit volume per second:
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R′ =
R
V
=
R
Ax
= σVnρnN (2.13)
Rearranging equation 2.13 results in a value for the proportionality constant:
σ =
R′
VnρnN
(2.14)
Defining Vnρn as neutron flux φ allows for the calculation of the microscopic cross section:
σ =
R′
φN
[
Reactions cm−3s−1
Neutrons cm−2s−1 Nuclei cm−3
]
(2.15)
The microscopic cross section can there by be thought of as the effective cross sectional
area that a nucleus presents to an incident neutron beam [31]. It is often given in units
of barns where 1 barn is equal to 10−24cm2. The cross section is often many times larger
then the size of the related nucleus. In all cases the specific mode of interaction will
have its own cross section that can be added together to obtain the total probability of
a interaction.
σTot = σinelastic + σabsorption + σelastic + ... (2.16)
The Macroscopic Cross-Section
The overall intensity of a neutron beam decreases as it travels further into a material.
The intensity of the beam at a given depth can be calculated:
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Ix = I0exp(−NσTotx) (2.17)
where
Ix is the intensity of the neutron beam at a given depth in the material
I0 is the initial intensity of the neutron beam
N is the number density of the material
σTot is the total microscopic cross section
x is a depth in the material
Equation 2.17 has an exponential relationship making it analogous to photon attenu-
ation in matter. Setting NσTot as
∑
x we define a new term, the macroscopic cross
section. Unlike the microscopic cross section which is used to calculate the probability
of a neutron interaction with an individual nucleus, the macroscopic cross section is
used to calculate the probability for an event to occur given a path length of travel. In
practice the macroscopic cross section is of more use for experiments as the targets used
are generally quite thick, however these targets are often not made of pure material.
Therefore the macroscopic cross section for compounds is needed, if a materials number
density is given by:
N =
ρA0
M
(2.18)
where
N is the number density of a nuclei
ρ is the associated density
A0 is Avogadro’s number
M is the atomic mass of one nuclei
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Taking equation2.18 we can write the total macroscopic cross section for a compound as:
∑
total
=
∑
i
NiσToti (2.19)
where
i represents the different types of nucleotides that are present in the target
∑
Total is the total macroscopic cross section for the material for all neutron
interactions.
2.3.3 Mean Free Path
The mean free path is defined as the average distance traveled between collisions within
a system. The mean free path for neutrons (λ) is given by:
λ =
1∑
Tot
(2.20)
From 2.17 we obtain:
Ix = I0exp(
−x
λ
) (2.21)
The mean free path is an energy dependent parameter that increases with neutron energy
and is of the order of 10s of cm for fast neutrons making neutron shielding particularly
hard when compared to other types of radiation such as gamma. It is important to
note that equation 2.21 only holds for parallel beams. For non-parallel beams, advanced
modeling software is often needed such as MCNP or GEANT.
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2.3.4 Q Value and Neutron Reactions
Whenever a nuclear reaction takes place it will take the following schematic form:
a+X → Y + b+Q = X(a, b)Y +Q (2.22)
where
a is the incident particle
X is the target material
b is the emitted particle from the reaction
Y is the product nucleus
Q is the energy either consumed or generated by the reaction
The Q value is defined as ”‘The energy associated with the difference between the mass
of the products and reactants.” [32]. If assuming a closed system, the energy before a
reaction (Ei) must equal that of the energy after (Ef ).
Ei = Ef (2.23)
Ei = mac
2 + Ta +mXc
2 + TX (2.24)
Ef = mbc
2 + Tb +mY c
2 + TY (2.25)
where
mac
2 &mXc
2 are the rest mass energies of the incident particle and target nucleus
mbc
2 &mY c
2 are the rest mass energies of the emitted particle and product nucleus
Ta & TX are the kinetic energies of the reactants
Tb & TY are the kinetic energies of the products
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By substituting equations 2.24 and 2.25 into 2.23 and rearranging, we obtain:
(ma +mX −mY −mb) c2 = TY + Tb − Ta − TX (2.26)
Both sides of equation 2.26 are the Q value for the reaction. Given that many atomic
masses are listed in easy accessible tables [33], it is convenient to calculate the Q value
of a reaction based on the particle mass. Setting the left side equal to Q and rearranging
we obtain:
Q = ((ma +mX)− (mY +mb))c2 (2.27)
Q = ∆mc2 (2.28)
If the reaction Q value results in positive energy to the system (Q > 0), it is called an
exothermic reaction, this energy is given to the kinetic energy of the reaction products.
On the other hand if the Q value is negative it is called an endothermic reaction, in
this case energy is needed to form the reaction. If the incident particle is charged, it
must have enough initial energy to overcome the Coulomb barrier (Eb) that exists in the
nucleus. An approximation for this energy is:
Eb =
ZaZXe
2
4πǫ0r
(2.29)
where
Za & ZX are the proton number of the incident particle and target nucleus
ǫ0 is the permittivity of free space (8.85x10
−12 Fm−1)
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r is the sum of the radii of the incident particle and target nucleus
r = 1.2x10−15((Aa)
1
3 + (AX)
1
3 )m (2.30)
where A is the mass number
Elastic Scattering
The dominant mode of interaction for fast neutrons in materials is elastic scattering.
Elastic scattering is the process in which an incident neutron transfers part or all of
its energy to the kinetic energy of a recoiling nucleus through collision. The analogy of
billiard balls colliding with one another is often used [34]. Since the total kinetic energy
is conserved in this process no energy from the incident neutron goes into the creation
of reaction products, i.e. the neutron and target nucleus are the only bodies present in
the system. Figure 2.7 shows the elastic scattering reaction.
Figure 2.7: A diagram showing the process of neutron elastic scattering scattering in both the
lab systems and center of mass (COM).
The amount of energy gained by a single recoiling nucleus may not be enough for detec-
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tion, depending on the target material instead a series of these collisions may be needed.
For the non relativistic case, knowing the momentum is conserved and assuming the
center of mass system the energy of the recoiling nucleus (ER) is given by:
ER =
2A
(1 +A2)
(1− cosθ)En (2.31)
where
A is the mass number of the target nucleus
En is the kinetic energy of the incident neutron
θ is the scattering angle
The recoil energy can also be expressed in terms of the lab coordinate system.
ER =
4A
(1 +A2)
cos2ΘEn (2.32)
Θ in the lab system can be redefined in terms of θ.
cosΘ =
√
1− cosθ
2
(2.33)
In equation 2.32, the target nucleus is initially at rest and its recoil energy is dependent
on the scattering angle Θ. In much the same case for gamma radiation and the Compton
effect there are 2 extreme cases:
1. Small angle scattering or grazing angle when Θ = 90, cos(Θ) = 0. In this cir-
cumstance E′n is almost the same as En and so E
′
R = 0. The scattered nucleus
has almost no energy and the recoiling neutron is scattered at a minimal angle
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resulting in very little energy loss.
2. A head on collision where Θ = 0. In this circumstance the nucleus recoils in the
same direction as the incident neutron. This results in the maximum possible re-
coil energy ER(Max).
The fraction of the incident energy that a neutron can transfer in an elastic scatter event
varies depending on the mass of the target nuclei. Only in the case of collision with a
single proton (A=1) i.e. hydrogen can it transfer all of its energy in just one collision
due to the very similar masses. As the atomic number of the target material increases,
this fractional energy transfer decreases as seen in table 2.2.
Table 2.2: The maximum energy transferred in one scatter event
Target Nucleus A EREn (Max) =
4A
(1+A)2
1H 1 1
2H 2 0.889
4He 4 0.640
12C 12 0.284
For neutron energies of less then 10 MeV, all scattering angles are as equally likely to
occur (isotropic) in the center of mass system, this therefore gives rise to a uniform
distribution of recoil nucleus energies from 0 to ER(Max). The probability of generating
a recoil nucleus (P (eR)) with energy ER is then:
P (ER) =
(1 +A)2
A
.
σ(θ)
σs
.
π
En
(2.34)
where
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θ is the scattering angle of the neutron in the center of mass system
σ(θ) is the differential scattering COM
σs is the total scattering cross section over all angles
Equation 2.34 notes that the shape of the recoil energy spectrum is the same for that of
the differential cross section σ(θ) relating again to the center of mass system. Knoll [21]
shows this shape which indicates that forward and backward scattering are most favor-
able.
Given that in the centre of mass system, scattering is isotropic for En < 10 MeV, σ(θ)
does not vary with θ. This however is only true for hydrogen and cannot be generalized
to other nuclei. The expected proton recoil energy would therefore be expected to have
a rectangular shape extending from 0 to En(Max), this would then lead to a detector
having this response with the average recorded neutron energy being equal to half of
the incident neutron energy. The cross section σs can be used to quantify the detection
efficiency of a recoil detector. The intrinsic efficiency ε of a detector comprising only of
one nuclei is given by:
ε = 1− exp(−Nσsd) (2.35)
where
N is the density of the target nuclie
σ is the scattering cross section
d is the path length of the neutron through the detector
In practice carbon is often present in proton recoil detectors be they solid or liquid.
This leads to a slight change of calculation for the detector efficiency when looking at
neutrons with energy greater then 10 MeV, at this energy inelastic scattering becomes
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non negligible [35]. Thus the correct efficiency taking carbon scattering into account is
given by:
ε =
NHσH
NHσH +NCσC
(1− exp(−(NHσH +NHσC)d)) (2.36)
where the subscripts H and C refer to hydrogen and carbon respectively. Plots for the
scattering cross section of various common materials for fast-neutron detectors can be
seen in figure 2.8. Using these plots the intrinsic efficiency of detectors made of these
materials can be calculated, for example a BC-523A liquid cell scintillator for neutron
energies of 1 MeV using equation 2.35 is calculated at 63%, however for energies greater
the 10 MeV and using equation 2.36 this efficiency drops by 20%.
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Figure 2.8: ”‘Scattering (full line) and absorption (dotted) cross sections of light element com-
monly used as neutron moderators, reflectors and absorbers”’ taken from [1]
The change in energy of the scattered neutron (Moderation) E′n with certain materials
can be expressed with the following [36]:
E′n =
En((1 + a) + (1− a)cosθ)
2
(2.37)
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and
a =
[
M −m
M +m
]2
(2.38)
where
En is the initial kinetic energy of the neutron before collision E
′
n is the kinetic energy
after the scattering θ is the scattering angle of the neutron in the center of mass frame
M is the mass of the target material nucleus m is the mass of the neutron
Taking equations 2.37 and 2.38, the maximum energy transfer of energy from the neutron
to the nucleus can be calculated setting θ = 180, and M to the moderating material.
These equations then simplify to the following [37]:
a = En
[
M −m
M +m
]2
(2.39)
The fractional change in kinetic energy for the neutron in elastic scattering can be ex-
pressed in logarithmic terms:
ln
E′n
En
= ln
[
(1 + a) + (1− a)cosθ
2
]
(2.40)
For the neutron energy region of less then 10 MeV, where it can be assumed the scat-
tering is isotropic in the center of mass frame, then a logarithmic decrement ξ can be
defined as the mean value of −lnE′nEn :
−lnE
′
n
En
= cξ = c
[
1 =
alna
1− a
]
(2.41)
c here is the number of collisions a neutron undergoes, an average number of collisions
(c¯) a neutron needs to undergo to be thermalised (E′n <0.025 eV) in a material is given
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by the approximate relationship:
c¯ =
ln( EnEth )
ξ
(2.42)
Table 2.3 shows how many collisions are needed with regards to equation 2.42 in order
to thermalize a 1 MeV neutron, with materials of different atomic numbers (Z). In all
cases the majority of energy is lost in the first few collisions.
Table 2.3: ”Calculation of the average number of collisions needed to slow down a 1 MeV
neutron to typical thermal energy of 0.025 eV in different Z elements.” Taken from [38]
Element
Minimum fraction of
energy remaining after a
collision
Logarithmic
decrement ξ
Mean number of
collisions for
thermalization c¯
1H 0 1 18
2H 0.1110 0.7256 24
4He 0.3569 0.4282 41
12C 0.7141 0.1589 110
Inelastic Scattering
In an inelastic scattering event, a nucleus within the target material (atomic mass num-
ber A), will momentarily absorb the free neutron, before re-emitting it at a reduced
energy [39]. The energy transfer to the target nucleus, creates a ”compound nucleus”,
after some amount of time and the internal rearrangement of interior nucleons. This
excited nucleus de-excites through the emission of gamma radiation. The species of the
target material is unaffected in this reaction, A therefore stays the same. Figure 2.9
shows this process.
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Figure 2.9: A diagram showing the process of neutron inelastic scattering.
Inelastic scattering is only energetically favorable if the incident neutron energy is greater
then the first excited state of the target material. Subsequently only elastic scattering
is possible for neutrons at lower incident energies. Hydrogen-based material therefore
make good detectors based on elastic scattering as it does not have an excited nuclear
state as it only has a singular nucleon, resulting in inelastic scattering not being possible.
Since energy is transferred to the nucleus from the neutron, the kinetic energy of the
ejected neutron is lower, with the emitted gamma ray making up the difference. Calcu-
lating the energy of the gamma ray and neutron is therefore quite difficult as it depends
not only on the initial energy of the neutron, but the number of energy levels possible
within the target material, which varies greatly depending on the species of the element.
Neutron Capture
In neutron capture, an incident thermal neutron of 0.025 eV or less (i.e. a neutron with
a high capture cross section) is captured by a nucleus of the target material of mass
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number A and proton number Z. This results in an excited compound nuclear (state of
A+1, Z ). See figure 2.10.
Figure 2.10: The radiative capture process
The total of the excitation energy is the sum of the kinetic energy of the neutron and
the neutron separation energy, Sn which is expressed as:
Sn = [(m(A,Z) +mn)−m(a+ 1, Z)] c2 (2.43)
where
m(A,Z) is the mass of the target nucleus mn is the mass of a neutron m(A+ 1, Z) is
the mass of the final nucleus
After a time, this excited nucleus will de-excite through the emission of one or more
gamma-ray photons. If this de-excitation occurs in one step, the emitted gamma ray
will have an energy of sn +En, this however is uncommon with many isotopes emitting
several gamma rays through transitions to many excited levels. If the final nucleus is
“stable”, the product will decay naturally over time with regards to its half life.
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2.3.5 Neutron Fission
Fission is the process of splitting a nucleus into two smaller nuclei. This process is used
in many nuclear power stations to generate energy. How fission is induced can vary, one
example is the use of an accelerator producing a beam of high energy protons to induce
fission in a target. Figure 2.11 shows this concept where a neutron has caused fission.
Figure 2.11: Diagram showing the principle idea of nuclear fission.
One radioactive material that would need detection if being transported is highly en-
riched 235U, when Uranium fissions the products are energy, two daughter nuclei and
a number of neutrons and gamma rays, if one of these neutrons collides with another
Uranium isotope a chain reaction can occur resulting in on going fission events. The
following is an example of one of the many fission reactions that can occur.
235
92 U+
1
0 n→14156 Ba +9236 Kr + 3 10n (2.44)
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In the case of detection, it is the neutrons created in this reaction that are usually of
most interest, unfortunately due to the possibility of recapture and other environmental
factors, these neutrons can prove hard to detect.
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Neutron Detection and Pulse
Shape Discrimination
3.1 Introduction
In this chapter a brief discussion is had in regards to thermal and fast neutron detec-
tors. The majority will focus on the associated equipment (digitizers especially) needed
to take the signals produced in such detectors and analyze them in order to identify
which type of radiation caused the signal to be generated. More generally uses such as
measurement of event energies, flux etc are also discussed.
A consequence of neutrons having no charge, they interact with the nucleus via the
strong force. Following either a nuclear reaction or a scattering event the resulting
charged products can be detected by standard means. When designing a detector the
energy of the neutron must be considered as the neutron cross section must be taken
into account. For fast neutrons (E>0.5 eV) elastic scattering dominates and is what de-
tectors make use of, slow neutrons (E<0.5 eV) have a much higher capture cross section
and are detected through other means. Scintillator detectors for neutron measurements
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must have two properties, an element with a high neutron capture cross section and
a component to detect charged particles. The majority of scintillator based thermal
neutron detectors are designed in one of two ways. The first introduces a conversion
layer, designed to carry out the conversion of neutron to charged particle (for fast neu-
tron detection, a conversion layer is not needed) coupled to a standard scintillator. In
some cases though the detector material also preforms the conversion such as the case
with CLYC [40] or Lithium/boron doped materials. If only fast neutrons are of concern,
conversion routes can be omitted.
3.2 Scintillator Detectors
Scintillators are one of the oldest forms of detector available. Through the measurement
of light produced by ionizing events within the detector, the energy of the event can be
measured. According to Knoll a good scintillation device should do six things [21].
• It should convert the kinetic energy of an incident particle, into detectable light
with a high efficiency.
• This conversion should be linear, i.e. the light yield produced should be propor-
tional to the deposited energy over as great a range as possible.
• The material of the detector should be transparent to its own light so it can travel
through the material with little interference.
• The decay time of any produced light should be as small as possible to allow for fast
signal pulses to be generated. Important when detecting a high flux of neutrons.
• The material should be easily manufacturable and cheap, only a commercial issue.
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• Its index of refraction should be close to that of glass (1.5) to allow for the best
coupling to a Photomultiplier Tube (PMT) or other light counting device.
No single scintillator material does all these things so often a compromise has to be
drawn, however with time, advances are made so that better detectors are produced
which match more of the criteria. Assuming the scintillator is coupled to a PMT, the
electronic signal produced at the anode must be processed and analyzed so that informa-
tion can be taken from it, this area of work is known as pulse shape analysis. Low-level
analysis can be preformed that allows for flux rates and energy spectra to be obtained.
In some scintillators it is possible using more complex analysis of the light profiles on an
event by event basis to conclude what type of radiation caused the pulse to be produced.
This type of analysis is known as pulse shape discrimination (PSD), it can be used in
some systems that are designed for localization imaging to locate sources and provide
heat maps of the environment by radiation type.
3.2.1 Inorganic Scintillators
The structure of the crystalline lattice in inorganic scintillators determines the scintilla-
tion mechanism. In a crystal, electrons occupy discrete energy levels in the lower energy
band (Valence Band) or the upper energy band (Conduction Band). Electrons in the
valence band are bound at lattice sites and cannot move through the crystal, however
if the electrons have sufficient energy they can leave the valence band and enter the
conduction band leaving a hole behind in the valence band. Whilst in the conduction
band the electron is free to move around, any free electron that then comes close to the
produced hole can de-excite by emitting a light pulse and be re-absorbed into the valence
band. Within these types of material there exists a forbidden band gap, this region lies
between the valence and conduction bands and relates to an energy domain that under
normal circumstances, an electron in the material can not occupy, any light produced
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from the de-excitation of an electron back to the valence band, results in discrete energy
levels representative of the size of the band gap.
To maximize the chance of this process occurring, impurities are often added to the
inorganic crystal. These activators create sites within the lattice where the traditional
band gap is modified creating sites within the forbidden band gap that electrons can
occupy. These impurities or activators, influence the optical transitions and emitted op-
tical spectrum obtained from the scintillator. Knoll [21] lists some of the more common
inorganic scintillator materials including their properties.
3.2.2 Organic Scintillators
The process of fluorescence in organic scintillators comes from the transition in energy
levels of a single molecule and as such the physical state of the system plays no part
in the process [21]. This is in direct contrast with inorganic scintillators that require a
regular crystalline lattice to achieve the scintillation process. The energy levels of an
organic molecule are represented by the pi-electron structure. The most stable state of
a molecule is the ground state and is the lowest energy a molecule can have, represented
by S00. Each singlet state can be divided into a set of vibrational states that have a
separation in energy of roughly 0.15 eV. S00 relates to a spin of 0 with the lowest vibra-
tional state, S01 relates to the next highest energetic state which is one vibrational state
higher then the ground state. S02 is one more vibrational state than S01 and so on. A
molecule can be excited into a higher state by the absorption of kinetic energy from a
charged particle, however if it is excited into one of the vibrational states within S0 it
will de-excite through internal mechanisms that release no radiation. This structure can
be seen in figure 3.1 [21].
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For light to be emitted, the transition must be between singlet states e.g. S1 to S0,
typical energy gaps between adjacent singlet states are 3 to 4 eV. As the energy spac-
ing between vibrational states is large compared to average thermal energies (0.025 eV),
typically a molecule will be found in the ground state as it is the most stable, an external
energy is therefore needed to excite it into a higher singlet state. The main source of
light (fluorescence) that detectors measure comes from the transition in energy from S10
to one of the vibrational states of S0. The time in which it takes a newly excited state
to decay back down in an organic material is short, usually a few nanoseconds, making
the prompt scintillation component relatively fast.
Figure 3.1 shows why organic materials are useful as the energy of the emitted light
tends to be less than that required to excite S0 to S1. This therefore allows organic
materials to remain transparent to their own light. Some radiation-less de-excitations
can still occur from the S1 to S0. This is known as quenching but does not happen
enough for it to have a noticeable effect in detector operations. [41]
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Figure 3.1: Energy states within a molecule
The fast light produced from the de-excitation from S10 to S00 decays exponentially,
therefore its intensity i at a time t is given by.
i = i0 exp
(−t
τ
)
(3.1)
where
i0 is the initial intensity,
τ is the time decay constant
Equation 3.1 is a simplified version of the light decay, Lynch [42] found in 1968 that the
excited energy states are not populated instantaneously as previously believed. Instead
it takes on average 0.5 ns for this to occur. This results in an intensity that is not solely
dependent on τ but also τ1 the time constant related to this population time:
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i = i0
(
exp
(−t
τ
)
− exp
(−t
τ1
))
(3.2)
An alternate approach is to characterize the de-excitation steps as a Gaussian function
f(t) with a standard deviation of σ:
i(t)
i0
= f(t) exp
(−t
τ
)
(3.3)
where
f(t) is given by,
f(t) =
1√
2πσ2
exp
( −t
2σ2
)
(3.4)
Industry standard is to express the timing properties of a organic scintillator in terms of
the FWHM of the Gaussian. In addition to the singlet states, a set of triplet states are
also shown in figure 3.1 labeled t2. These states exhibit longer lifetimes than the singlet
ones, sometimes as long as several milliseconds. Some singlet states can be converted to
triplet states via inter system crossing, causing a delayed florescence effect that is not
characterized by an exponential decay. The de-excitation from T2 to S1 is known as
phosphorescence and adds a delayed light component to the light profile of any emitted
light. This delayed light has longer decay times then the fast light component that arises
from the pure singlet states. All these de-excitations, except S10 to S00, have less energy
then is required for excitation, resulting in little self absorption within the scintillator.
A solid plastic scintillator can be created by dissolving an organic scintillator in a solvent
and then polymerizing the solution. Plastic scintillators are often the cheapest detec-
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tor for simple gamma ray detection and desirable due to the short decay times of the
produced light, Knoll [21] details a number of the more common commercial organic
scintillators that are available. Plastic scintillators are very desirable in a lot of nuclear
applications, this is because they are cheap and often the only solution when it comes to
making large scale detectors designed to scan large areas, as costs would rise significantly
if the detector was made from another type of material. There are a few drawbacks,
however, when creating such large plastic scintillators, self absorption of its own light
may no longer be negligible. A second problem is the light intensity may change signifi-
cantly as it moves through the plastic due to attenuation.
3.2.3 Properties of Scintillator Detectors
Timing Properties
Apart from the fast light component that decays exponentially with τ over a few nanosec-
onds, many scintillators exhibit a secondary slower fluorescence component (hundreds of
ns). The ”‘strength”’ of this component varies with each scintillator. Many liquid scin-
tillators exhibit a noticeable slow component which forms the basis of PSD, a modified
light intensity equation is needed to better describe the light emission from scintilla-
tors [38]. The more complex form is given by:
I = A exp
(−t
τF
)
+B exp
(−t
τS
)
(3.5)
where
A and B are experimentally found constants that vary for each scintillator material
τF is the time constant that governs the fast fluorescence component
τS is the time constant that governs the slow fluorescence component
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In many cases the amplitude A of the fast emission dominates B, figure 3.2 shows how
these two components create the overall light profile.
Figure 3.2: A representation of the two light components of scintillator light
As B becomes comparable to A, however, using PSD to distinguish between incident
radiation types becomes easier, as heavier particles further increase the slow component
term. In general the fraction of light that originates from the slow component for a
single scintillator material varies depending on the nature of the incident radiation. An
increased rate of energy loss per path length (dEdx ) increases the contribution of slow
light. Gamma interactions with matter give rise to scattered electrons that have a low
ionization density. By contrast, neutrons interacting with protons via elastic scattering
result in much larger ionization densities. These two mechanisms result in differences in
the slow component strength which can be analyzed via PSD and is discussed in more
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detail at the beginning of this chapter and 3.5.2. Figure 3.3 shows a schematic of this
effect in organic scintillators, Bollinger et al [43] measure this difference in Stilbene.
Figure 3.3: Schematic of time dependence of scintillation in organic scintillators
Light Output
Only a portion of the kinetic energy lost by a charged particle in a scintillator is con-
verted into light energy. The amount of energy transferred relates to both the type of
incident particle and its energy. For the case of electrons the light output response to
energies above 125 keV is linear. However the light output from charged particles such
as alpha particles is always less for equivalent energies, see figure 3.4. With increasing
energies, the response of the two types of particles become close. However, at low en-
ergies, this difference is approximately a factor of 10. It is important to remember this
fact when using an organic material to detect more then one type of radiation as the
light pulses produced in the material will be different for the same energy gammas and
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neutrons, ie. the light output is less for equivalent energy neutrons than for gammas.
Often if a system is used to detect both gamma and neutron radiation, the system will
be energy calibrated using a gamma source and the energy scale is designated in units of
”electron equivalent” energy. Neutrons of an equivalent incident energy will appear in
an energy spectrum at lower channel numbers then those of photons of the same energy.
Figure 3.4: A representation of light yield comparisons, for electrons, protons and alpha parti-
cles in scintillators. Alpha particles fall roughly on the same line as protons
The light response of organic scintillators is governed by Birk’s law [21] which shows the
relation between the ionization density of the incident radiation (dEdx ) and the scintilla-
tion light output per unit path length (dLdx ):
dL
dx
=
S dEdx
1 + kB dEdx
(3.6)
where
L is the scintillation light output
S is the absolute scintillation efficiency without quenching: 0˜.04E in a top tier
scintillator
B is a proportionality constant
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k is the fraction of ionization density leading to quenching
kB is an adjustable parameter that varies between incident radiation types and as a
function of energy. With no quenching, or when the scintillator is excited by fast elec-
trons, dEdx is small for large energies which leads to no quenching, Birk’s formula then
gives a direct relation between light yield and energy loss:
dL
dx
∥∥∥∥
e
= S
dE
dx
(3.7)
Otherwise, the incremental light output per unit energy loss is a constant:
dL
dE
∥∥∥∥
e
= S (3.8)
The light output is related linearly with initial particle energy. For heavier charged
particles and low energy electrons (Ee < 125keV ),
dE
dx is larger than for fast electrons,
dL
dE decreases and L no longer increases linearly with E. Light intensity created in the
scintillator for neutrons increases with incident energy of the neutron with the relation
E3/2. α particles, for example, cause saturation along the track and Birk’s formula be-
comes:
dL
dx
∥∥∥∥
α
=
s
kB
(3.9)
kB can be found using these two equations:
kB =
dL
dE
∥∥
e
dL
dx
∥∥
α
(3.10)
58
CHAPTER 3. NEUTRON DETECTION AND PULSE SHAPE DISCRIMINATION
kaschuck et al [44] show an example of how PSD can be used to separate gamma and
neutron events from an energy spectrum. In this process the gammas are first removed
from the spectrum, an unfolding code was then applied to the stripped spectrum to show
where the 14 MeV full energy peak would have appeared if the detector was capable of
seeing this at half the decay edge of the measured spectrum. This work shows that the
full energy peak appears half way up the edge of the unfolded neutron results.
3.2.4 Photomultiplier Tubes
Photomultipliers work on two main principles, the photoelectric effect and secondary
emissions [21]. The photoelectric effect is the process in which electrons are emitted
from matter, when that matter has first absorbed optical photons. The emitted elec-
trons are referred to as photo electrons, it is these electrons that photomultipliers use
to create a signal pulse. Secondary emission is a phenomenon where incident particles
of sufficient energy interact with a target material and induce emission of secondary
particles. When the primary particle is an electron, the secondary particles are also
electrons and the effect is termed secondary electron emission. In this case, the number
of secondary electrons emitted per incident particle is called secondary emission yield.
To create a complete detector unit, a scintillator material can be coupled to a photo
multiplier tube. In doing this a system is created that can turn the light produced in the
scintillator into a measurable electrical current. Scintillators have been in use for over
100 years and the technology involved keeps on improving. Listed here is the descrip-
tion for a standard dynode based PMT. However, there are new designs of silicon-based
photomultipliers (SiPM) that show promise for future work.
Dynode based PMT: Figure 3.5 shows a schematic of a scintillator detector made from
a standard PMT. Incident optical photons strike the photo-cathode material and create
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electrons via the photoelectric effect, these electrons are then accelerated towards the
first dynode which is held at a positive voltage relative to the photocathode, increasing
in energy as they travel. Once they strike the dynode, secondary electrons are created
which are once again accelerated towards the second dynode which is held at a higher
voltage then the first. This process is repeated until the electrons reach the anode where
the accumulation of charge is converted into a measurable electrical signal.
Figure 3.5: Schematic of a standard PMT, taken from [2]
Reference [45], compares two types of dynode based fast PMT for use in time of flight
PET experiments. The PMTs discussed are the Hamamatsu R5320, with a time jitter
of 160 ps and the Photonis XP20D0 which has a screening grid at the anode, improve
timing errors considerably. A comparison of timing was carried out for the two PMTs
when coupled to a cerium doped silicate (LSO) crystal. Both PMTs are capable of
producing a large amount of photoelectrons that reduce timing jitter. Standard PMTs
are still useful, however, the use of them in active interrogation environments can cause
problems to arise such as detector saturation, external EM fields can also cause PMTs
to under perform. New PMT designs that use other methods than dynodes to create
secondary electrons have been looked at in this area with great success.
For scintillators with long decay times, the effect of the PMT timing characteristics on
the output pulses will be negligible. However, for fast scintillators such as many plastic
based materials used for fast neutron measurements, the time response is critical. Steps
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must therefore be taken to measure the effect a PMT will have on the system, and what
steps can be made to reduce this effect [21].
One of the factors that determines the timing resolution of a PMT is the time it takes
each dynode to emit the secondary electron pulse after receiving the initial pulse. This
time is generally short (0.1ns or less). For this reason this can be ignored as the main
contributing factor (transit time) has a much more noticeable effect. Rather, it is the
electron trajectories within the PMT between dynodes that have the greatest effect.
The electron transit time is defined as the average time taken for the arrival of a photon
at the photocathode to be registered by the anode. In most common PMTs, this time
ranges from 20-80 ns. The effect this average transit time has is negligible as a single
value will only give a fixed delay in the overall signal, it is rather the spread that causes
the greatest difference in timing. Figure 3.6 illustrates the concept. The spread is more
important as it determines the width of the pulse of the electrons arriving at the anode.
Figure 3.6: Anode pulse rise time and electron transit time
The main factor that determines the size of the spread is the distance between the photo
cathode and the first dynode. In an ideal PMT all the electrons leaving the photo cath-
ode would arrive at the dynode at the same time but also after having traveled the
same distance to arrive at the same place on the dynode. In practice, the optimal way
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to achieve this is to keep the distance from the cathode to the first dynode as large as
possible when compared to subsequent dynodes in the chain. The photo cathode itself is
often curved on the inside to insure the average path length the photoelectrons travel is
as similar as possible, whilst maintaining a flat surface on the outside to allow for easy
coupling to a scintillator material.
A second unavoidable source of spread comes from the difference in electron velocities
leaving the cathode. This effect can be reduced by having a great as potential as possible
between the photo cathode and first dynode. For this reason it is advisable to run PMTs
at the maximum operational voltage that manufactures suggest.
Knowing the above, it can be seen that the transient time is also related to the num-
ber of initial photo electrons per initial pulse being created. It is for this reason that
manufactures often quote timing properties relating to single photon events. This pa-
rameter, however, does not take into account the contribution of the photo cathode to
first dynode distance and is therefore only a measurement of the spread induced by
the subsequent dynode to dynode spacing. Multiple measurements at different electron
trajectories must therefore be taken to provide a better overall understanding of the
internal workings. Assuming the spread of transient time to be Gaussian, the spread
should then be inversely proportional to the square root of the number of electrons. It
is for this reason that a high light yield is required when performing experiments.
Most current PMTs designed for fast neutron response now also introduce a screening
grid placed in front of the anode. Its purpose is to prevent the weak parasitic charge
(electrons coming from anywhere other then the last dynode) from affecting the timing
resolution. This screening serves to narrow the timing window even further [46].
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Szczeiak [47] summarizes the issues:
The dispersion of the electron transit time in a PMT is usually considered to result from
the following sources of time uncertainties:
• Transit-time spread in the dynodes.
• Variance in the transit times of the photoelectrons emitted from the photocathode
(center-edge difference).
• Variance of transit times of photoelectrons between the first dynode and photo-
cathode due to different velocities and angles of emissions of the photoelectrons
from the photocathode.
SiPM Detectors
For years, the PMT has been the standard light amplifier to use in conjunction with
scintillators. However, recent advances in semiconductor detectors have lead to the
creation of a range of various silicon photo diode detectors. This area of research is
still relatively new, especially when it comes to using these type of detectors for PSD.
In practice, silicon detectors offer several advantages over the traditional PMT design;
in general the quantum efficiency is higher, leading to improved energy resolution, the
power consumption is less with many running at only 10s of Volts, they are of a more
compact size and a lot more suited to harsher environments. Due to their compact size,
the charge created has a small amount of distance to travel making them ideal for timing
measurements. Further to this, they are virtually insensitive to electromagnetic fields,
making them ideal for situations in which a PMT can not be used. Typically, silicon
photo-diodes can be classed into three categories.
• Conventional Photo-diodes - operate by converting the optical light from the scin-
tillator into electron hole pairs that are collected and converted into a current.
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• Avalanche photo-diodes - Have an internal gain supplied by a high electric field
that multiply the amount of charge carriers created.
• Silicon Photo-diodes (SiPM) - An array consisting of avalanche photo-diodes op-
erating in Geiger mode.
Semiconductors consist of a periodic lattice structure which inherently establishes al-
lowed energy bands. These allowed energy bands are often separated by a forbidden
region that electrons can not inhabit, more detailed discussions of semiconductors and
further theory can be seen in [21]. Figure 3.7 shows a simplified picture of these energy
states.
Figure 3.7: A diagram showing the creation of an electron hole pair in a silicon photo detector,
Eb is the energy of the band gap
When optical photons with higher energy than the band gap excites an electron it can
move into the conduction band. This creates electron hole pairs (Charge Carriers) that
move through the material, creating a recordable current. It is this mechanism that
SiPMs use. In the case of SiPMs this small charge that is created can be multiplied
64
CHAPTER 3. NEUTRON DETECTION AND PULSE SHAPE DISCRIMINATION
through the avalanche process when voltage is applied.
3.3 Thermal Neutron Detection
When considering materials to use for neutron detectors, several factors must be con-
sidered. The first is that the neutron cross section must be as large as possible, with a
large neutron cross section small efficient detectors can be manufactured. The second
consideration is the reaction Q value of the material. The larger the Q value, the easier
it is to discriminate between neutrons and any background gammas as a high Q value
results in a larger recorded energy in the detector. All reactions must be exothermic so
the kinetic energy of the reaction products is determined solely by the Q value of the
reaction. Finally, the detector must be large enough to fully stop the created charged
particle to allow for uniform detector response.
A couple of the more commonly used reactions with their associated Q values are listed
here, for more detailed discussion of thermal/slow neutron detectors see [48].
10
5 B +
1
0n →


7
3Li +
4
2α 2.792MeV (ground state)
7
3Li
∗ + 42α 2.310MeV (excited state)
(3.11)
6
3Li +
1
0n → 31H + 42α 4.78MeV (3.12)
3
2He +
1
0n →31 H + 11p 0.764MeV (3.13)
In the majority of thermal/slow neutron detectors, a conversion layer or gas is used to
convert the kinetic energy of an incident neutron into charged particles. The charged
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particles are then detected through one of the methods outlined in chapter 2. Due to the
declining reserves of helium, boron-10 has been widely used in an array of detectors such
as BF3 tubes and proportional counters. Of the above reactions, this is mainly because
of the higher cross section the boron-10 has (3840 barns) compared to lithium-6 (940
barns). There are draw backs to gas filled detectors, however. Typically gas detectors
will exhibit long associated rise times of the generated pulses lasting several micro sec-
onds and also show a low detection efficiency for an averaged sized chamber. Boron-10
and lithium can be mixed into solid or liquid materials to generate PSD capable scintil-
lators such as BC-527 and BC-523A. The main disadvantage of scintillators to gas filled
detectors, however, is their increased detector efficiency of gamma radiation. If detection
of neutrons only is wanted, with little need of energy resolution, gas filled detectors are
the preferred choice. Otherwise, PSD is needed to separate out the events. Due to the
large Q value of the 6Li reaction, the ground state of the daughter nucleus becomes com-
pletely populated. Therefore, the reaction products receive the same amount of energy
for all neutron events. In a spectrum this would then appear as a single peak and easily
identified, which is ideal for monitoring equipment that one may find in a nuclear power
station.
3.4 Fast Neutron Detection
In principle, the reactions outlined previously are all usable for the detection of fast
neutrons. However due to the higher energies that fast neutrons have, the reaction cross
section drops to the point were the efficiency of a detector made in these ways becomes
too poor for practical use. Moderation is commonly used to make these detectors sen-
sitive to fast neutrons but this does result in a loss of energy information and timing
resolution is impacted. Instead, the majority of fast neutron detectors use the mecha-
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nism of elastic scattering described in chapter 2.3.4. Detectors designed in this way are
not suited for slow neutron detection as the kinetic energy of slow/thermal neutrons is
too small to generate a measurable signal. An important distinction between slow and
fast neutron detectors is the ability of fast neutron detection to give information on the
energy of the incident neutron. In slow neutron reactions all initial energy information
is lost as the energy of the Q value is much larger then that of the incident neutron.
Elastic scattering on the other hand has no Q-Value, therefore the change in kinetic
energy measured of the reactant products is a direct measurement of the initial neutron
energy.
Many types of fast neutron detectors exist, a number are re-designs of the slow neutron
detectors to allow them to work for fast neutrons. Of interest to this work however are
the type of detector known as ”‘Proton Recoil Scintillators”’. An ideal neutron detector
would be a scintillator containing mainly hydrogen, as a neutron can transfer all of its
energy to a hydrogen nucleus in one collision (see chapter 2). The response function of
such a detector would be rectangular, from 0 eV to the full energy of the neutron, as
all scattering angles are equally probable. The range of neutrons within these materials
is small. As such, all the neutrons energy can be deposited in the detector volume.
Therefore, the detector response is also assumed to be rectangular. Hydrogen based
detectors are the most commonly used [49]. A couple of examples of commonly used
liquid scintillators for n/γ discrimination are BC-523 and BC-501A.
3.5 Pulse Shape Analysis
In this section, methods used to extract information from the pulses created in detectors
(specifically scintillator detectors) are discussed, along with the associated equipment
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that is needed to do this. For analogue methods of pulse shape analysis (PSA) there can
be a lot of equipment that is needed to achieve the end results such as pre amplifiers
and shaping amplifiers. Their function will be discussed, but not the complex nature of
their inside circuitry. For further reading and circuit descriptions of these components
see [50, 51, 52]. Detectors mainly operate in one of two modes, the first mode known
as current mode is usually used in high flux environments where information about the
energy of the radiation is not required. The majority of current mode detectors are gas
filled and are used to measure the dose rate/flux of neutrons within environments such
as radiation labs. The second subjectively more interesting mode of operation is the
pulse mode, in this mode information about the energy of the event can be extracted
(spectroscopy) along with timing properties of the pulses.
3.5.1 Analogue Methods
A single radiation event that is incident on a scintillator detector will create a burst of
light which at the anode of the PMT is converted into a charge Q, which is proportional
to the initial energy of the quantum of radiation. The charge Q is seen as a transient
current I(t), Q can be found by taking the integral of this current. When detectors are
exposed to a continuous source of radiation, theses pulses build up to create a chain in
time, with various amplitudes and occurrences in time. Various equipment connected to
the output of the detectors are then designed to either measure a count rate by triggering
on subsequent pulses when the input pulses meet certain criteria, or by taking the time
integral and producing histograms of the energy distribution (spectroscopy). In all cases
the build up of data is taken over time.
In many detectors the current pulse generated is generally too small to be sensed di-
rectly. In these cases, the current from the detector is first passed through a preamplifier
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before then being passed to any shaping or other electronics. The preamplifier is usu-
ally designed to be charge sensitive, increasing the intensity of the pulse but keeping it
proportionality to the initial charge. The preamplifier signal will then propagate to a
shaping amplifier via signal cables, here the pulse is modified so that in can be viewed
by a multichannel analyzer (MCA) to create an energy histogram. In many cases here
a shaping time is set for the amplifier that will vary depending on the type of detector
being used. The shorter this time the less likely it is to have multiple events recorded
as one. However, noise in the system for lower integration times plays a bigger role and
should be kept long if it is more representative of the input pulse life time. This type of
pulse, although the ideal for energy spectra, is not what is wanted for PSD, instead an
unshaped pulse is required.
Pulses go through electronics that can vary depending on what the user is looking to
measure. With no extra equipment, the shaped pulse could be sent straight to a MCA,
here a histogram of the energy distributions from the source can be acquired by mea-
suring the pulse heights of the shaped pulses with larger pulses being placed at higher
channels in an energy spectrum. In a more complicated system timing properties of the
pulse may be needed. In these instances constant fraction discriminators, differential
amplifiers, gate and delay generators etc may be used. Usually, these electronics will
be housed in either a NIM or VME based board and powered from a local power crate.
Figure 3.8 shows this approach.
Figure 3.8: Schematic chain of analogue electronics needed to process detector signals
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3.5.2 Pulse Shape Discrimination
Pulse shape analysis can be used to discriminate between radiation types in certain
circumstances. When this is the case, it is referred to as pulse shape discrimination
(PSD). This uses the properties of some scintillators that form slightly different light
pulses based on what form of radiation deposited energy within the detector. Pulse
shape discrimination depends on the ability to measure the slight differences from one
pulse to another that can arise if different radiation types induced the creation of the
light. A wide variety of work has been done on the use of scintillators for neutron and
gamma detection with many leading into one another [53] [54] [55].
Liquid scintillators are generally well known to exhibit high levels of PSD properties,
with the time decay of the emitted scintillation light being strongly dependent on the
Linear Energy Transfer dE/dx of the interacting radiation. Hence, highly ionizing par-
ticles such as protons produce a long-lived component to the scintillation light, whereas
short-LET particles such as electrons produce only prompt light emission. This differ-
ence forms the basis for PSD-based n/γ detection in liquid scintillators. Traditionally,
plastic scintillators have shown less promising PSD due to the fact that the time differ-
ence between the long lived and short lived components are small. However, with recent
developments in both scintillators and PMTs this is no longer the case. It is for this
reasons that PSD must now be looked at for this purpose. Ranucci [56] explains how
the process of PSD works as an overview.
Zero Crossing: The Zero Crossing technique of pulse shape discrimination was first
proposed by Alexander and Goulding [57] in 1961. Since then, many works have used an
analogue version of this technique [58] [59] in order to achieve n/γ discrimination where
a range of pulse energies are present. These analogue systems tend to be big and bulky
as circuitry for integration and differentiation are needed. McBeth et al [60] uses the
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zero crossing method in liquid scintillators to distinguish between neutrons and gammas
with great success.
The technique compares a pulse height to a double differentiated anode signal. This
double differentiated signal will cross the base line later for neutrons then gammas. Fig-
ure 3.9 shows the concept. Graph A is the raw current pulse. In a digital system to
create a PSD graph the energy of a pulse is needed. This can be taken as either the
amplitude of an anode current pulse labeled in A as H, or the amplitude of an integrated
pulse as seen in B. By taking the integrated pulse, corrections for energy can be taken
between neutrons and gamma events as the total charge in a pulse is used. Graph C
then shows the double differentiated anode pulse, the PSD value is the time at which
the pulse crosses the base line from when the signal first rose above noise giving a PSD
value in units of time.
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Figure 3.9: Steps in the Zero Crossing PSD method
Charge Comparison: The signal created at the anode is integrated between two time
regions. Both starting at the same time usually when a pulse rises above a trigger
threshold minus a pre gate. The concept is that one integration region has the same
charge in it, whether it was created by a gamma or neutron event. This usually relates
to the rising edge and the first part of the decay tail of the pulse. The second region then
integrates for long enough to incorporate any change in the decay tail that results from
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the type of radiation that created it. The ratio of these two charges is then calculated,
with higher ratios being neutron related events. Ideally, the smaller of the two integra-
tion windows (Short Gate) will stop just as the calculated light profiles of an average
normalized gamma and neutron event begin to separate. How these two charges are used
to obtain a PSD value can vary, in this work a PSD value of PSD = 1− QShortQLong is used.
Adams et al [61] uses this method, with great success in a liquid scintillator. Work has
been done in a plastic but produced unsatisfactory results as up until now the difference
between light profiles in plastic scintillators due to gamma or neutron radiation has been
too small. Admas et al [61] show two clear regions of separation in their work that show
just how well this can work in a liquid based scintillators.
Figure 3.10, shows a theoretical current pulse, by measuring the total charge in certain
regions of this pulse a PSD value can be calculated. The charge between T0 and T1 is
divided by that of T0 to T2. As more charge is present in region B, higher PSD values,
should relate to neutrons, more details along with how to optimize, can be found in the
experimental section of chapter 4.
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Figure 3.10: Concept of Charge Comparison
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Pulse Shape Algorithm: An alternate method of PSD involves analytically modeling
the form of either the neutron pulse or gamma pulse. Marrone [62], uses a six variable
decay function to model the two types of pulses. The process records both neutron and
gamma signals from a source and then takes an averaged and normalized version of each
to obtain a comparison of the two. In his work, Marrone used a 60Co source to model a
gamma pulse and then a Am-Be source for the neutron. The equation Marrone used to
model the pulses can be seen in equation 3.14. The second half of the equation relates
to the slow light decay. If this part is large compared to others then it can be said a
neutron was the event, i.e. if the value of B is high, this part of the equation has more
effect. The PSD equation is PSD = B/A
L = A(e(−θ(t−t0)) − e(−λs(t−t0))) +B(e(−θ(t−t0)) − e(−λl(t−t0))) (3.14)
By now viewing a new source, looking at a pulse and judging what equation best fits
the pulse, an event can be tagged as either a gamma or a neutron.
Pulse Gradient: Another method is the measurement of the decay gradient of the
pulses. Theory states the decay of a neutron pulse is shallower then a gamma pulse,
if this subtlety can be detected, the two can be separated. D’Mellow et al [63] uses
this method in their work. The article talks about modeling equations for neutron and
gamma events like the Marrone paper, suggesting they do something very similar but
do not specify.
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3.5.3 Figure of Merit
The figure of merit, or FOM, is a standard used to express how well a system can dis-
criminate between different radiation events. In the case of a system that can detect
and distinguish between two separate particles, in this case particle a and b, a plot of
the PSD value vs counts will produce a 2 peaked graph, were one peak represents events
caused by particle a, and the other particle b. The calculation of FOM, is then given
by:
M =
x
Wa +Wb
(3.15)
where
M denotes the figure of merit
x denotes the separation of the two peaks
Wa the FWHM of the gamma peak
Wb the FWHM of the neutron peak
Traditionally a system is said to have good PSD if the FOM value is above 1.27 [64].
Figure 3.11 shows this.
Figure 3.11: Figure of Merit visual representation
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3.6 Digital Methods of Pulse Shape Capture
Over the last 20 years, advances in high speed/high resolution analogue to digital con-
verters (ADCs) developed by companies such as CAEN [65] and Keysight [66], have al-
lowed for more in depth and accurate work to be done [67][68]. In the majority of cases
the use of digitizers over analogue methods have shown marked improvement [69][70]
in the quality of end results ie. greater FOMs. The ability to capture and save pulses
allows for less equipment to be used as any pulse shaping that is needed can be done
digitally. Many commercial detector systems now incorporate digital pulse processing
(DPP) as standard.
Digitizers offer several advantages over traditional analogue circuitry. A digitizer is used
to record waveforms created in a detector. Depending on the resolution of the card (see
3.6.1), this can either be complete waveforms or singular aspects of a pulse such as peak
voltage, depending on what the digitizer card is configured to record. In the scenario
where complete waveforms have been obtained, the recorded data can then be used in
a number of ways. Digital versions of pulse shaping can be applied to the waveforms
without needing to change inbuilt circuitry on pre-amplifiers or settings on NIM units.
Once the waveforms have been converted to digital data, no further signal degradation
can occur due to temperature fluctuations or sub optimal noise conditions in associ-
ated equipment. Therefore, the information remains as accurate as it can be from the
point at which it is digitized. Having the data saved allows it to be replayed over and
over again with different values for shaping constants or other parameters chosen, mean-
ing an actual test only has to be carried out once. In many cases saving time and money.
In a lot of modern nuclear experiments designed to look for new exotic particles or to
measure the lifetime of the particles [71], several detectors are often used. The time at
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which events are detected is of key importance, meaning the old analogue methods of
pulse processing are not usable. Many digitizers save timestamps along with the event
data and offer more then one channel to record data from. Accumulating all of the data
from all the detectors and matching them in time is then only something a system mak-
ing use of DPP techniques can do. The use of digitizers in pulse shape discrimination
(PSD) using the methods discussed in 3.5.2 in a digital format is very attractive.
3.6.1 Card Design
The main role of an ADC is to convert some analogue voltage signal into a digital rep-
resentation of itself. To understand how this is achieved, three main aspects of an ADC
must be discussed, these are the ADC’s resolution, often expressed in terms of bits, its
sampling rate and voltage peak to peak input (Vpp). An ADC’s sampling rate is defined
as how many times a second the digitizer is able to sample an input pulse. A 1 GS/s
(Giga Sample per second) card, for example, will sample a signal input 1,000,000,000
(=109) times every second, each time this is done the voltage is recorded. the voltage
is assigned a value based on a combination of the two remaining aspects. All digitizers
have a maximum value of Voltage (Vpp) that they can accurately see and record. Most
standard digitizers can see up to 1 Vpp with some extended to 2 Vpp. This range is split
over the ADC’s resolution. For example, a 10 Bit card can split a 1V range into 1024
equal channels (210) giving the card a resolution of 0.98 mV per bit, referred to as the
least significant bit (LSB). For example, if a voltage of 400 mV is seen, the card assigns
a value of 410 ADC Bits to it. In general a digitizer should have the highest possible
value for these three parameters. However, in practice, it often becomes quite costly
to improve upon these, meaning compromises must be made. The following sections go
into more detail on how to select the right card for the application.
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Analogue to Digital Converter
An analogue signal at any time can take an infinite amount of values. A digital signal,
on the other hand, can only be expressed as a finite number. This number is calculated
by dividing the digitizer’s dynamic range by that of the ADC’s bits. Therefore, the more
bits an ADC has, the more detailed a wave can be represented by it. Typically when a
signal is sampled the value obtained is held until the next sample occurs. This leads to
the formation of a staircase like wave. If a signal exceeds that of the Vpp, pulse clipping
occurs. Figure 3.12 demonstrates what is recorded if such a signal were to occur.
Figure 3.12: Example of how a pulse may be clipped if it exceeds the maximum Vpp of the
digitizer. 1) represents a completely captured triangular wave, 2) shows a partially clipped wave,
3) shows the pulses true form.
Without discussing PSD, the least amount of bits needed for an ADC, relies heavily on
the signal to noise ratio of the system. If the system has minimal noise, then choosing
an ADC with more then 8 bits is not necessary, as this will just result in the digitization
of meaningless noise fluctuations. A quantization error symbolized by the symbol ǫ can
be calculated, that is associated with the ideal conversion process of an analogue input
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which becomes smaller with increased bits. In an ideal situation this value equals 1/
√
12.
Following from this, a calculation of the effective number of bits can be made. In other
words, if the noise is high, the significance of the LSB is reduced, possibly to the point
were effectively a whole bit depth is lost, i.e you are using a 10 bit digitizer however due
to noise you only get 9 bit resolution. The effective number of bits is given by:
E = N − log2(RMSnoise
ǫ
) (3.16)
where
E is the effective bit value
N is the actual bit depth
RMS is the measured RMS deviation of the converted code
Therefore in the case of a 10 bit digitizer if RMS is twice ǫ then you only get 9 effective
bits.
Sampling Rate
To illustrate the effect of different sampling times within digitizers, figure 3.13 shows a
theoretical triangular voltage pulse that lasts no more then 100ns. In this example a 10
Bit digitizer is being used with a 1Vpp.
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Figure 3.13: Example of how different digitizer speed (sampling rates) effect the recorded wave
forms
As the sampling speed decreases, changes in the recorded data can be seen. When the
speed is fast enough the majority of the pulse is correctly captured, however, the maxi-
mum voltage that the card records is seen not to be correct. As the sampling rate reduces
further all useful information is lost. In a more complicated pulse such as those that you
would typically get from a fast scintillator, being able to accurately measure how the
pulse changes over time is important, a minimum sampling speed is then needed. The
minimum sampling rate that is needed to accurately capture the true form of a pulse
is known as Shannon’s Sampling Theorem [72]. The minimum frequency (fn) required,
also known as the Nyquist frequency, must be equal to or greater then double the high-
est frequency component of the input signal i.e. band width. Figure 3.14 shows this in
practice where the period of the wave is equal to the bandwidth.
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Figure 3.14: Visual representation of the Nyquist frequency calculation using a sine wave. A:
shows the inability to recreate a pulse when f s is equal to f . B: shows that at the minimum
required frequency a wave can just about be formed that represents the original. C: Further
increase of f s leads to better results.
Figure 3.14 A shows that with a too small sampling frequency, in this case one equal to
the period of the sine wave, an accurate representation of the signal can not be recorded.
Here the result would be a straight line connecting the red dots. Figure 3.14 B Having
reached the Nyquist frequency we now have a much better representation of the initial
sine wave, reconstructing the wave here would lead to a saw tooth wave matching the
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repetitivity of the original sine wave. Figure 3.14 C shows as we sample fast a faster a
more accurate wave is formed approaching the original analogue signal.
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Chapter 4
Experimental Setups and
Analysis Software
The majority of work has been performed in order to characterize EJ-299s PSD capa-
bilities and compare this to other commercially available scintillator detectors that are
capable of n/γ discrimination such as a BC-501 liquid cell [73]. Following from this, the
PSD performance was tested in a high rate environment to give insight into the perfor-
mance the detector may have in an active interrogation environment. If a reduction in
PSD quality was seen, could this be reversed by better optimization of the equipment
used i.e. the model of digitizer used [74, 75] and associated PSD algorithms. The main
source of PSD degradation was expected to come from the change in ideal scintillator
geometry to allow EJ-299 to work correctly in the RADical system for both n/γ dis-
criminator and localization.
In this chapter the experimental setups used are detailed along with the justifications
for the chosen equipment. This is done by outlining the role of the equipment and how
this relates to its use with EJ-299. The main body of the work has been carried out at
the University of Surrey using a water moderated americium-beryllium (AmBe) neutron
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source. Further work has taken place at The National Physical Laboratory in the UK
(NPL) with their high-energy, mono-energetic neutron beam and non-moderated 252Cf
and AmBe sources. In all cases the same data acquisition (DAQ) system has be used
along with the associated processing software. For the results of this work, see chapter 5.
4.1 Surrey’s Water Moderated AmBe Neutron Source
To obtain fast neutron data, the University of Surrey has access to an AmBe neutron
source of 18GBq. Due to health and safety guidelines the AmBe source is submerged in
water to moderate the majority of fast neutrons, that are harmful to organic tissue, to
lower energies re-classing the neutrons to thermal. This moderation makes the AmBe
source ideal for testing detectors in a n/γ field as the neutron interactions with the water
provide a broad energy range gamma background, whilst at the same time providing a
fast neutron source that can be modified by varying the amount of moderating water
between it and the detector under test.
The neutron energies present within an AmBe source, range from 0 to 10MeV, which
when converted to gamma equivalent energies for plastic scintillators, fall within the
range of 0 to 4 MeV gamma equivalent energies. This energy range is roughly the same
as the energy range of the gamma events emitted by the AmBe source. Neutrons are
produced when the 241Am decays to 237Np via the emittance of a 5.5MeV alpha particle.
It is this alpha particle that then reacts with the 9Be to create the neutron.
9Be(α, n)12C (4.1)
Due to the moderating water however the emitted gamma rays are scattered and the
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neutrons emitted from the 9Be may also interact with the hydrogen and oxygen in the
water creating further gamma events, this results in a gamma background with a broad
energy range. AmBe emits a range of gamma energies, however there are two main
gamma lines, one at 4.43MeV and another at 1.6MeV that arise from neutron interac-
tions with the oxygen in water moderated sources. An air pipe can be placed in the
tank, between the source and detector displacing the water and increasing the flux of
fast neutrons, effectively creating a fast neutron beam. The estimated neutron flux is
approximately 10 neutrons a second per cm2 (nv). This setup therefore provides a suit-
able n/γ mixed flux to conduct PSD tests. Figure 4.1 shows a schematic of the tank
environment and how the detector sits in relation to the tank.
Figure 4.1: Schematic of the Surrey neutron tank
Surreys first AmBe source (SO86.RG) was purchased in 1962, whilst the second more
active one (SO125.PH) was purchased in 1983. As of 01/06/2015 the activity of the
sources are 10228.04 MBq and 17578.65 MBq respectively. Table 4.1 contains informa-
tion on the source as of time of purchase.
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Table 4.1: Table of data for AmBe Surrey source
AmBe
Neutron emission 18.6GBq
Fraction of neutrons
bellow 1.5 MeV
0.23
Mean energy of
(a) Low Energy Component
(b) High Energy Component
400 keV
4-5 MeV
γ ray emission per
neutron
0.7% at 4.43 MeV from (α,n)
60 keV from 241Am decay
Neutron dose rate at 1 m for
source emission 106
neutrons/s
1 mrem/h
γ exposure rate at 1m
for source emission of 106
neutrons/s
1 mR/h
Peak thermal flux for source
with 106 neutrons/s
in infinite water moderator
5× 103n/cm2pers
Half-Life 433y
Mode of decay α 100%
4.2 Optical Polishing of EJ-299 and Test Bed Design
To allow testing of different geometries of EJ-299, a large slab of EJ-299 was purchased
for cutting and polishing on site. Desired sizes for the final detector were produced
from this slab. Figure 4.2 shows the test box complete with PMT and an example of a
practice cut piece of EJ-200 scintillator.
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Figure 4.2: The light tight aluminum testing box, EJ-200 plastic and ET-9102B PMT
The first consideration was to pick a suitable cheap all-purpose plastic scintillator for
the initial testing to ascertain if the plastic could be cut and polished to an acceptable
standard. EJ-200 (a standard gamma sensitive scintillator) was purchased in bulk and
machined. It proved to be best value for money whilst still providing a good gamma
response. The wavelength of emission from this scintillator ranges from 400-500nm peak-
ing at 425nm. Polishing of the plastic was done by hand, once the machine room has
produced a rough cut. All sides of the cut polished plastic, apart from the side that is
coupled to the PMT window, were painted with a reflective paint (EJ-510). Reflective
paint was chosen over diffuse paint as the localization aspects of the system require as
much light to be collected as possible. If designing a detector primarily for PSD purposes
diffuse paint should be used to reduce the light being collected at the PMT anode that
has reflected from one or more sides within the scintillator, this is to ensure that all light
created in an event within the scintillator arrives at the PMT with the smallest time
difference possible. All polishing was preformed in a fume cupboard; initial stages used
increasing grit grades of silicon carbide paper from #400, to #1200, until all tuning lines
created during the cutting process were undetectable by eye. To finish hand polishing
was carried out using alumina paste, followed by cleaning the plastic with isopropanol.
This process produced optical grade surfaces on the scintillators. Using the finished box
setup and a 137Cs gamma source, energy spectra were taken and compared to those
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obtained using commercial plastic scintillator detectors. It was seen that the box setup
produced very similar results with little to no difference in the resolution of the Compton
Continuum. Figure 4.3 shows the data sheet for the test plastic.
Figure 4.3: EJ-200 data sheet, taken from [3]
A PMT was purchased from ET-Enterprises, along with a voltage divider from the same
family of detector that had previously been used, as this was known to produce the
required pulse shapes with our equipment a negative biased voltage divider was chosen
as the consensus is that negative biased PMTs help improve the PSD see figure 4.4 for
the dynode structure.
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Figure 4.4: Standard negative biased dynode configuration for ET Enterprises’ voltage dividers
ET-9102B was purchased which has a total length, including the voltage divider in the
base, of 13cm and a window diameter of 38.1mm. The PMT quantum efficiency is well
matched to the plastic with the majority of the emission spectrum resulting in a greater
than 20% quantum efficiency from the tube. A negative high voltage divider was chosen
as this is DC coupled and is the best choice for fast timing applications when coupling
direct to a 50 Ohm signal cable. Figure 4.5 shows the typical spectral response curve
for this model of PMT.
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Figure 4.5: Typical ET-9102B PMT spectral response curve, taken from [4]
4.2.1 Plastic Testing
Using the cutting and polishing procedure, 2′′x2′′x2′′ cubes of EJ-200 were prepared.
Some cubes were polished completely by hand, whilst others had the initial polishing
done by machine. It was seen that the machine polished plastic preformed almost as well
as the hand polished one with only a slight reduction in overall light yield when com-
paring equally sized pieces of EJ-200 in the test box. Current pulses from the newly as-
sembled EJ-200 detector were looked at on an oscilloscope (TDS-3064B 600Mhz 5Gs/s).
Figure 4.6 shows the average pulse that was obtained. The pulse is fast when compared
to inorganic scintillators, lasting no longer than 100ns with a 7-9 ns rise time, these are
comparable to the pulses that are seen in EJ-299 and BC-501 scintillators that are used
in this work as viewed on an oscilloscope. Importantly for future work when EJ-299 is
used, there is little noise in the decay tail, where the ability to discriminate between
neutron and gamma radiation is most prominent.
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Figure 4.6: Signal trace from the Scintillator Test Box
Optical coupling grease is used to form a tight couple between the open surface of the
scintillator and PMT window. Energy spectrum of 137Cs and 60Co were taken to judge
if the test bed was usable for future work with EJ-299. The spectrum were analysed us-
ing a multi channel analyser running MAESTRO software and compared with spectrum
obtained from other in house commercial plastic scintillators and were found to be of
similar standard. Figure 4.7 show a 137Cs taken using the box setup with a clear well
defined Compton continuum present.
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Figure 4.7: 137Cs Energy Spectrum Taken Using EJ-200 Hand Polished Samples
4.3 Digital Acquisition System
4.3.1 Aqiris Card
Preliminary tests where carried out using an Aqiris DP-105 PCI based digitizer card.
This card features an 8 Bit ADC and a sampling rate of 500MHz. Although this card
has a sufficient sampling rate to accurately capture the form of current pulses produced
in the EJ-299 detector, the ADC resolution was deemed too low for ideal measurements
(discussed in Chapter 5). It is also a stand alone product that requires 3rd party software
(in this case LabVIEW) to run and manipulate the data and it has no on board PSD
capabilities. This card also only has one input channel. At the beginning of the project
the Aquis digitizer was the only card we had access to. Although the card is subjectively
worse for use with EJ-299 then the one used for the final tests it was still able to produce
good PSD results. As such initial work into optimizing charge integration windows for
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EJ-299 were carried out using this card (verified later with the final digitizer). More
details can be found on the card can be found in the DP-105s manual [76].
4.3.2 CAEN Card
The digitizer used for the majority of the work was a CAEN V1751 10bit, 1GS/s on loan
from AWE. The CAEN digitizer is controlled via a Java based UI installed on a control
PC. The program connects to the card via either a USB link or an optical bridge, the
user has to first define the connection type and then connect. Once the connection has
been established, pulse shapes can be viewed from the Oscilloscope tab, pulse height or
timing spectra can be plotted, 2D histograms of event energy Vs PSD value (defined
by the PSD equation used as discussed in chapter 3) can also be plotted. In each case
parameters such as trigger threshold and charge integration windows have to be set on
a channel by channel basis. While data acquisition is running, data can be written to
disk either as a text document containing PSD and energy values (List Mode), or a file
containing digitized waveforms. Figure 4.8 shows the control UI for the CAEN digitizer.
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Figure 4.8: The control UI for the CAEN digitizer series
The user can select values for the charge integration, ”short gate” and ”Long gate” in
the channel tab, the inbuilt oscilloscope allows the user to visualize these gates on the
pulses in real time, see figure 4.9.
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Figure 4.9: In built view of the CAEN oscilloscope
4.4 Analysis Software
4.4.1 Energy Calibration
In order to accurately compare how changing one aspect of the detector system, changes
the PSD performance from one run to another, the data must be energy calibrated.
The CAEN card calculates the charge in a current pulse, which is proportional to the
number of optical photons created in the scintillator after energy has been deposited in
it. The current response is also dependent upon the event particle that was incident on
the detector to begin with. In a high-Z material, energy calibration would be performed
by locating a photo peak in a gamma spectrum and assigning it its known energy value.
As EJ-299 is low Z material with regards to the gamma event energies of interest, the
primary interaction is Compton scattering which does not lead to full energy deposition,
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i.e. there are no photo peaks in an energy spectrum only a Compton Continuum. Be-
cause of this the two thirds method of energy calibration has been used in this work and
is outlined below.
Figure 4.10 shows a 137Cs spectrum taken using the commercial EJ-299 Scionix detector.
In it the Compton peak is marked along with the amplitude of the Compton edge at
two thirds max amplitude. It is this two thirds max amplitude value that is used for the
Compton edge energy value, in this case 477 keV. The reasoning for this is when using
the Compton Scattering energy equation (see chapter 3), all scattering angles are equally
likely to occur. Due to other factors such as PMT characteristics and other electronics/
sources of noise introduced however a Gaussian broadening of this rectangular distribu-
tion is seen. This deforms what otherwise would be a perfect rectangular response and
results in the true Compton edge energy falling about two thirds down the “decay tail”
of the spectrum.
Figure 4.10: Recorded 137Cs spectrum using the commercial EJ-299 detector
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4.4.2 LabVIEW and Gate Optimization
When calibrating data acquisition systems for PSD measurements, correct parameters
must be set in order to optimize the PSD settings. Detectors that are capable of PSD
will vary from one another due to either different signal processing electronics or the
type of scintillator used. These variances will subtly alter the light pulses generated by
the detectors, as such the charge gates that are established for charge integration PSD
as detailed in chapter 3 must be adjusted to obtain the best PSD possible. With regards
to EJ-299, the average light pulses produced due to gamma and neutron events differ
only slightly. Figure 4.11 shows the light pulses for EJ-299 again but this time with the
theoretical optimal gates.
Figure 4.11: The light profiles from EJ-299 with an over lay of the charge gate for PSD
experiments [5]. Shown are the full scale current pulses and a zoom in on the decay tail.
The long gate to some extent does not play much of a role in improving the PSD as the
role of the long gate is to capture the complete charge of a pulse, therefore as long as
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it is set long enough (in this case 300ns or more) without being too long as to capture
part of another pulse, the long gate optimization will not have a large effect on the end
result. The largest gain in PSD capability therefore comes from optimization of the
short gate. Initially setting the short gate so integration of charge ends at the point the
two light profiles begin to separate should be ideal. However as equipment may change
these profiles slightly varying this gate is needed to find the optimal. For this work
the Aqiris card was used to capture complete waveforms from the EJ-299 commercial
detector using Surreys AmBe source. Using a LabVIEW implementation of the CAEN
algorithm as described in detail in section 5.1.2, the pulses were replayed with varying
short gates (Long gates and pre gates were also tested but shown not to have much
effect) to find the best.
4.4.3 Listmode Data Analysis
List mode data is the name given to the data produced by the CAEN range of digitizer
cards if internal PSD calculation by the card is preformed rather than complete wave-
form capture. The resultant data is formatted as a text file containing information on
a pulse by pulse basis. For each pulse, a time stamp of the event is recorded along with
the charge recorded in both the long and short gate time windows and the resultant
PSD value given as PSD = 1 − QShortQLong . To process the information saved in list mode
MatLAB is used, although list mode can be used for any environment, the main benefit
is in a high flux environment the card can process more events as it does not have to
buffer complete waveforms to its memory allowing a higher throughput of information.
In this case list mode data is read into a MatLAB script. Through user inputs the PSD
Vs Long gate charge data is histogrammed into the 2D plots seen in figure 4.12. The 2D
plots are then projected onto to the long gate charge axis to produce energy spectrum.
Two separate Gaussians are fitted to the gamma and neutron regions of these plots that
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are generated, from the fitted equations, FOM (3.5.2) values are calculated and saved.
For each data set accumulated separate FOM values are calculated for different energy
ranges as lower energy events have smaller FOM values than higher energy events, this
process is explained further in chapter 5.
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Figure 4.12: Example of the two main outputs from the used MatLAB script. The top plot is a
2D histogram of Long Gate Charge Vs PSD Value. The bottom plot is the same 2D plot projected
onto the Long Gate Charge axis.
The program also allows the user to plot energy spectra of the data, allowing the option
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of only plotting the neutron or gamma events. Figure 4.13 shows the process of data
processing depending on what type of data is taken.
Figure 4.13: Flow of data processing
4.5 Experimental Measurements
This section details the experimental setups for each of the main tests that were con-
ducted in the course of this research. As a lot of the tests use the same basic methods
with slight adjustments, the setups and results will be shown separately.
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4.5.1 PSD Test System
A major part of the project has been to characterize and optimize the PSD performance
of the EJ-299 scintillator, by studying a range of scintillator sizes and geometries. This
work has been carried out at Surrey, using a test bed enclosure containing a PMT that
can be coupled to inter-changeable pieces of scintillator. This light tight box has an ET
Enterprises 9012B PMT mounted inside of it, with enough room to mount the scintilla-
tor and a light guide if necessary, the PMT has a diameter of 1.5”. Tests at Surrey used
an AmBe source to produce a mixed n/gamma field which was filtered through thin lead
sheets to give an n/gamma ratio of approximately 1:1. Current pulses from the PMT
were digitized directly by a CAEN V1751 VME digitizer card.
Using this system a number of EJ-299 cubes and cuboids have been studied, and meth-
ods of polishing the scintillator and coupling to the PMT have been optimized for best
PSD performance. It was found that PSD performance is best for cube-shaped scintil-
lator, however this is not the optimum shape for imaging work using the UCL Radical
concept (Discussed in section 5.2. Therefore how the PSD performance changes as the
aspect ratio of the scintillator increases has been studied. For best imaging performance
scintillator slabs with an aspect ratio of 8:1 are required. Results from these studies are
shown in chapter 5.
Initial tests were done with small cube-like pieces in order to test the PSD performance,
which was extended to tests of larger pieces. For scintillator pieces larger than 25 mm
x 25 mm x 15 mm, light guides were used to optimize the light collection from the
scintillator. This work has shown that the use of light guides tends to degrade PSD
performance, and these were not used in the final detector design.
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4.5.2 Miniature X-ray Tube
The University of Surrey has an AmpTek Mini-X X-ray generator [6], the Mini-X was
operated at 40kV/100uA. The target within this particular model is silver (Au). When
running at max voltage and current with no extra shielding or collimation, the generator
produces a flux of 2x1010 x-rays per second at the aperture. This was used to provide
a high flux environment which is of interest due to the intended application of active
interrogation. Figure 4.14 shows a schematic of the generator.
Figure 4.14: A schematic of the AmpTek Mini-X [6]
Tabel 4.2 lists the specification for the X-ray generator as found on the Amptek website.
102
CHAPTER 4. EXPERIMENTAL SETUPS AND ANALYSIS SOFTWARE
Table 4.2: Mini X Specification
Target Material Silver (Ag) or Gold (Au)
Target Thickness
Ag = 0.75 µm (0.1 µm)
Au = 1.00 µm (0.1 µm)
Tube voltage 10 to 50 kV
Tube current 5 µA min / 200µA max
Approximate Dose Rate
Ag: 1 Sv/h (100 Rem/hr) @ 30 cm on axis, 50 kV and 80 µA
Au: 2.2 Sv/h (220 Rem/hr) @ 30 cm on axis, 50 kV and 80 µA
Approximate Flux
Ag: 106 counts per second/mm2 on the axis at a distance of 30 cm
(50 keV/1 µA)
Au: 2.2 x 106 counts per second/mm2 on the axis at a distance of
30 cm (50 keV/1 µA)
Continuous Output Power 4 W max at 100% duty cycle
Window Material Beryllium (Be); window at ground
Window Thickness 127 µm
Focal Spot Size Approximately 2 mm
Output Cone Angle 120
As one of the main requirements of this system is its use in a high flux environment,
it is important to see how the PSD of a detector is affected by the amount of incident
events on it. By varying the current to the X-ray generator, the flux produced can be
controlled, the relationship in this case is linear, if the current is halved, the flux is
halved. Preliminary work was done in Surreys Radiation Teaching Lab. Due to the
strict health and safety laws for this type of lab, the tests had to be carried out inside of
a lead infused plastic box. As such the usual AmBe source could not be used. Instead a
sealed 22Na source was used and the behavior of the gamma plume in the 2D PSD plots
changed, as a function of incident flux was investigated. Figure 4.15 shows the test setup.
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Figure 4.15: A picture of the AmpTek Mini-X Surrey setup
The work conducted with the X-ray tube is detailed here with regards to the effect on
PSD and how the integration of a gating board into the detector affected the results.
High Background X-Ray Measurements
In a high flux environment, traditional PMTs cannot distinguish between events as too
many are created in a given time (pulse pile up). In such situations detectors are no
longer usable in pulse mode operation where each radiation event is characterized by its
own resultant pulse instead only DC mode operation can be used which may require a
change in signal processing to use properly. In DC mode rather then having information
on each individual pulse and being able to create energy spectrum, all that really can
be achieved is a current measurement with higher currents relating to more events. In
a system designed to work for PSD, DC mode operation can not help distinguish be-
tween pulses, therefore steps must be taken to prevent detectors entering this mode of
operation. As discussed previously in some experiments investigating source for active
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interrogation systems some detectors have been unable to operate in pulse mode due
to high fluxes of radiation immediately after the interrogation beam and have suffered
significant dead time. This dead time is undesirable as it limits access to the early part
of the induced gamma and neutron signal.
Understanding the problems that a high flux environment has on PMT based detectors
is vital for the project as a whole. To better understand the dead time discussed earlier
with regards to active interrogation environments, the Mini-X X-Ray tube was used in
conjunction with a rotating lead collimator to mimic radiation flashes of high intensity
that last for varying time periods in order to measure a detector dead time and recovery
due to event saturation. A 4mm thick piece of lead was cut into a ring, out of this ring
a 1cm wide slit was cut. The lead was then affixed to a rotating variable speed motor
and placed between the X-Ray tube and a EJ-299 commercial detector, see figure 4.16.
Figure 4.16: Schematic of the X-Ray lead collimator setup
When the lead is in front of the X-Ray aperture, the detector is shielded from all events
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however as the ring spins and the slit moves in front, the full strength possible for this
setup of the X-ray beam falls onto the detector, when this occurs the detector saturates
and becomes unresponsive. By varying the speed of the motor and the current to the
the tube, adjustments of counts per second incident on detector and total counts accu-
mulated over the detector per slit life time can be made. The faster the ring rotates, the
quicker the flash. Figure 4.17 shows the results from these tests; the top graph shows
the total time the detector was dead for from when the X-Ray beam first fell onto the
detector as a function of counts per second (cps), the bottom graph is then the time it
took the detector to recover after the lead was once again back in front of the X-Ray
tube. Recovery time was determined by also having an unshielded 137Cs source present
in the setup. Using the CAEN digitizer events where recorded, during x-ray exposure
the card recorded no or noisy data, after exposure the time between the card recording
no or noisy data to correctly capturing the 137Cs pulses was recorded as recovery time.
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Figure 4.17: Graphs showing the detector dead time of the commercial EJ-299 detector Vs cps
incident on the detector (top). The time taken for the detector to recover after the X-ray beam
had been shut off is shown (bottom). Rotating speed of the lead shown in the key.
From the results it can be seen that by increasing both the cps and exposure time to the
source, leads to an increase in detector recovery time. These results show that with a
sufficient flux incident on the detector the normal operation can be interrupted causing
loss of data that extends beyond the irradiation period. If similar flux conditions are
experienced in an active interrogation environment this effect could limit access to the
early time signatures following the interrogation pulse.
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PMT Gating Board Response
The proposed method of addressing the high background issue was to introduce a gat-
ing circuit into the PMT that could control when the detector turns on via an external
signal, possibly from another detector such as a silicon pin diode constantly measuring
background levels of radiation that turns the PMT of the scintillator detector on when
bellow a threshold level.
In this case a commercial EJ-299 detector from Scionix was purchased with an integrated
Electron Enterprises (ET) gating board model GB1A/DC attached to the PMT. Fig-
ure 4.18 shows an example of the response time that the gating board is stated to have.
The board is designed so that when the board stops receiving a 5V DC current it allows
voltage to flow to the PMT. The PMT is then to turn on within 1µs. 1µs is fast enough
that it would allow the detector to remain off when it is incapable of handling the high
flux but to turn come on at a time were the radiation levels had reduced to a point that
it can successfully measure individual pulses thus avoiding dead time saturation.
Figure 4.18: The response time of the GB1A gating board as described by Electron Tubes.
Switch time <1 µs, taken from [7]
However after several attempts to get the gate to respond quickly the best result that
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could be achieved is shown in Figure 4.19. To measure the response, the detector was
exposed to a 137Cs source. When placed next to the detector, a pulse should be gener-
ated every few microseconds, instead the first pulse after the gate switch was not seen
for 230 µs.
Figure 4.19: Oscilloscope trace showing the trigger pulse (light blue) and the EJ-299 gated
detector response (Dark Blue) First 137Cs related pulse occurs 230 µs after gate switch
These first pulses produced after the switch, were always seen to be of low amplitude
and noisier than the following ones as seen in Figure 4.20 implying that along with the
switch time, there is an added PMT “warm up” time that needs to be taken into account.
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Figure 4.20: Oscilloscope trace showing the first pulse after the gate switch in the EJ-299 gated
detector
Looking at the pulses that appear after 300 µs from switch time, it can be seen that the
pulses are once again fully formed, see Figure 4.21. Whatever the cause of the delayed
response time of the PMT from what was stated, this combination of gating board and
PMT will not be usable in an active integration environment as the response is too slow.
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Figure 4.21: Oscilloscope trace showing the first pulse after the gate switch in the EJ-299 gated
detector that is fully formed
To see if this was accurate, the switch in gating time was varied and the AmBe source
was used to create a radiation field were PSD was possible. By decreasing the time
between gate switching, this delay in tube warm up could be assessed by looking at its
effects on PSD. Figure 4.22 shows the results.
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Figure 4.22: 2D histogram plots of PSD Value Vs Long gate charge for AmBe with varying
switching speeds
By increasing the speed at which the tube was turned on and off, a change in the 2D
PSD plots was seen, as speed increased the neutron and gamma branches began to blur
more and reduce in intensity. Further to this but not shown, once the gating time went
past 200 µs, no events were recorded implying that the PMT was not given enough time
between switches to start producing results, contradicting Figure 4.19. It was therefore
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concluded that although a gating unit may work, the one that was purchased was limited
in response time, be this because of the gating boards response itself, or the perceived
tube warm up time.
4.5.3 Neutron Response Measurements
NPLs neutron facility allows for the production of neutrons between 50 keV and 15 MeV.
Due to the layout of the room where these neutrons are created, any number of tests
can be carried out, in the case of this work the facility was used to compare light output
from EJ-299 for gamma and neutron equivalent energies. Light produced in a scintilla-
tor is always less for a neutron event of equal energy to a gamma, for this reason it is
beneficial to get two separate energy calibrations for the scintillator. This can be done
thanks to the PSD capabilities of the scintillator. For the gamma calibration we use the
standard sealed gamma sources available at Surrey and used in the rest of this work.
The neutron calibration is done using NPLs Van de Graaff generator and a number of
targets to gain a range of neutron events. From the data recorded the gamma events
are stripped leaving only neutron spectra. Unlike gamma calibration we use half max
amplitude of the recorded spectrum decay edge (analogous to a the Compton Edge used
in the gamma calibration) as our true neutron energy.
Neutrons are produced, via a variety of nuclear reactions, using a 3.5 MV Van de Graaff
accelerator generates a beam of protons to bombard appropriate targets. The particle
beams energy spread is controlled using a calibrated analyzing magnet and the mean
energy is defined to within 2 keV. The neutron targets are located a minimum of 6 m
from any wall or sealing of the neutron facility, this provides for the creation of a low
scatter environment that minimizes any corrections needed to compensate for scattered
neutrons. Surrounding the neutron targets are a series of arms that allow for detector
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mounting. These arms can be positioned at any angle from the target which determines
the neutron energy that is incident from the target onto the detector. The flux of the
neutrons produced can be measured using tried and tested long counters at the facility;
this was not of concern for this work however.
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Results
5.1 System and Hardware Optimization
In Chapter 3, the fundamentals of neutron detection in scintillators along with the
associated pulse shape discrimination techniques that are used to distinguish between
neutron and gamma events are discussed. Following this in Chapter 4 the electronics
that have been used in this work where described, the justification for their use and
background commissioning data are presented. Chapter 5.1 details the work that was
carried out to optimize the experimental setup (digitizer card choice and associated
settings) in order to provide the best PSD achievable in EJ-299. This was conducted by
measuring how a commercial EJ-299 detector purchased from Scionix (EJ-299 size 2”
diameter by 4cm length cylinder) preforms whilst also comparing it to a traditional and
well established BC501A liquid cell scintillator of the same geometry.
5.1.1 Light Profiles and Charge Gate Optimization
As previously discussed in 3.5.2 correctly establishing the timing windows for charge
integration is imperative when optimizing a system for PSD. The main contributing fac-
tor in choosing these windows comes from the scintillator itself and an understanding of
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the slow and fast components that describe any light emitted from the scintillator. Al-
though variation in equipment may have a small effect on the light profiles assuming the
choice of PMT and cabling has been well thought out, a good starting point for charge
integration is to have the short gate start at the beginning of a pulse and extend out
to where the two pulses start to deviate. Assuming the record length of each measured
pulse is kept long enough to capture the full pulse but not set too long as to record more
then one event, the long gate can then be set longer than the known life time of a pulse
and remain fixed whilst the short gate is adjusted for optimization.
Figure 5.1: The average light profiles for neutron and gamma events in EJ-299 as measured by
NPL [5]
Thanks to the work done by NPL, see figure 5.1, the average light profile for a neutron
and gamma event in EJ-299 has already been experimentally found. This work was
verified with our own system at Surrey see figure 5.2. This data was constructed by
identifying pulses through the use of PSD caused by either neutron or gamma events,
normalizing the pulses to their max amplitude and averaging between the recorded re-
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sults. In this case 100 neutron and 100 gamma pulses were identified and used to create
these average pulses. As this was carried out before any optimization of integration gates,
the overall PSD was of poorer quality than what was achieved later in the project, how-
ever there was enough separation still to accurately identify events.
Figure 5.2: The average light profiles for neutron and gamma events in EJ-299 as measured at
Surrey. Shown at full scale and then again zoomed in on the difference
Comparison between the two sets of work show the same deviation in pulses around
25 - 30ns with an overall very minor difference (max 2%) between neutron and gamma
pulses when compared to the peak amplitude of each pulse. With this verified the best
integration gate widths for our system where established by initially setting the short
gate length to 30ns whilst holding the long gate at 150ns. The short gate was then varied
by 1ns at a time, how the PSD quality was effected (by measuring the FOM) by these
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changes was monitored with the best results establishing the gate widths for all future
work, Figure 5.3 shows some of the short gate widths tested.
Figure 5.3: How varying the combined length of pre-gate (held constant at 8ns) and the short
gate effects the PSD within EJ-299
The best PSD was achieved by setting the short gate to 52ns (8ns pre gate plus 44ns
past the trigger) whilst the long gate was set at 150ns. Adjusting the long gate showed
little to no change in the PSD as the two light profiles due to gamma and neutron events
have returned to the base line noise at this time. An 8ns pre-gate was included in the
gate windows to ensure the complete pulse was used in the integration, the CAEN cards
without a pre-gate will only integrate from the point that a pulse is first triggered, this
for our EJ-299 based detector with trigger values set low would result in the digitizer
not using the first couple of nanoseconds in the integration calculations, 8ns was found
to be long enough to fully capture all of the rising edges of the recorded pulses without
overcompensating and recording too much base line pre-pulse.
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5.1.2 Digitizer Choice
Given that the development of digitizer technology is still a relatively recent affair, it
is important to understand that there currently does not exist one clear digitizer that
should be used over others. As is often the case to excel in one area of digitization
(for example having a very fast sampling rate), sacrifices must be made in other areas
(bit resolution, Vpp) in order to keep costs down. For these reasons it is important to
understand what application the digitizer is to be used with and what is most important
to the user. As EJ-299 is an organic scintillator, the light decay is fast and therefore
a fast sampling rate is also required to accurately gauge the form of the light that is
being created in the scintillator. From the work done at NPL [5], it can be seen that the
difference between the average light profiles from either a neutron or gamma induced
event within EJ-299 is minute, seeing as how the difference in amplitudes in the decay
tail of the light is roughly 400 times smaller then the voltage peak of the light, at least
a 10-Bit ADC will be needed to accurately measure this. The final aspect to consider
but is of less importance then the previous two, is the Vpp, ideally this should be kept
large as to capture as many of the pulses as possible without clipping, however to an
extent if n/γ separation is your primary goal, clipped pulses do not matter so much as
long as the PSD is still good which unfortunately improves when signal pulses are larger
resulting in yet another trade off. Having a large Vpp also lowers the resolution as two
identical 10-Bit digitizers one with a 1Vpp and another with a 2Vpp differ in that the
resolution of the 1Vpp is better as more bits are assigned to a smaller voltage range.
As shown in table 5.1, three different models of CAEN digitizers were used to assess the
effect of sampling rate and ADC resolution on PSD performance. The experiments were
carried out at AWE, in each case a 252Cf was used to produce an n/gamma mixed field.
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The dynamic test bed setup mentioned previously was used and in each case the same
piece of EJ-299 (20x22x15mm) was used for all experiments. The 252Cf source was held
in place the same distance from the scintillator each time and the signals from the PMT
sent to one of the three digitizers being tested.
Table 5.1: The Range of CAEN Digitizers Tested
Digitizer Model ADC Bits Sample Rate Vpp Channels
V1751 10 1Gs/s 1 8
V1720 12 250Ms/s 2 8
DT5730 14 500Ms/s 2 8
Each digitizer was tested twice under two separate PMT running voltages, in the first
set of experiments the PMT running voltage was held constant at -580V to ensure that
the high energy events were low enough in amplitude to be captured by the cards and
not clipped. For the second set of tests, the PMT voltage was increased and changed
between the three digitizers so that a 137Cs Compton edge would appear at the same
channel number for all three digitizers. The reason for these two different operating volt-
ages, was to gauge how the input dynamic range (Vpp) would effect PSD. By running
at a lower voltage than normal, more of the pulses would be recorded fully formed and
not clipped. Increasing the voltage then would improve PSD by increasing the separa-
tion between the light profiles but would result in clipping which may lead to greater
degradation of PSD. Figure 5.4 shows the results.
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Figure 5.4: FOM as a function of how PMT running voltage varied the digitizers performance
It can be seen that running at a high enough voltage the difference in overall PSD capa-
bilities decreases to the point were the digitizers are the same, however there is still the
question at this point of clipping, are the energies of the recorded events being accurately
represented? If this is a priority smaller pulses are needed that fit within the Vpp of
the digitizer to avoid clipping, in this case a large Vpp with a high ADC bit depth is
important. Figure 5.5 shows how when capturing smaller pulses to accurately represent
event energies, the difference between pulses is small, a bigger ADC bit depth is then
important as it serves to more accurately capture the difference between light pulses
resulting in greater PSD results.
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Figure 5.5: FOM as a function of how ADC bits can effect PSD levels of a system
Although the results would suggest the best choice of digitizer for the project would
have been the DT5730, the digitizer was only available to us for a short period of time.
Only the CAEN V1751 with the fastest sampling time was available, thankfully the data
shows that when running the PMT at a higher operating voltage, the difference in pulse
tails due to gamma or neutron events becomes large enough that all the digitizers can
accurately measure it resulting in the same PSD values for all three cards. As the project
was to rely on neutron gamma identification (irrespective of event energy) in order to
allow the imaging side of the project to work irrespective of event energy, the V1751
card was suitable for the work.
Initial testing of the EJ-299 commercial detector was carried out using the previously
discussed Aquis card, however having seen that the CAEN card had more to offer in
both terms of usability and ADC bit range, the rest of the work was carried out using
the V1751. It was important to see however if the CAEN digitizer did indeed preform
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better then the Aquis card. To do this the commercial EJ-299 detector was setup and
10,000 events from Surrey’s AmBe source were recorded by both cards. For each run
the detector was kept in the same position relative to the source and supplied with the
same operating voltage.
Using LabVIEW the Aquis card data was processed and compared against the CAEN
cards on board data processing. To fairly gauge the difference between the two digitizer
cards, the labVIEW data analysis software was re-written to more accurately mimic
that of the CAEN card. In both instances once a pulse has been detected via a software
trigger, the short and long charge gates are established using widths predefined in the
two methods. The start of the short gate is determined as the trigger point in time
minus 8ns. This “step back in time” is introduced in order to make sure the whole
pulse is used for the charge integration, it is set so that some baseline before a pulse
will also be integrated however as this contains a small amount of charge compared to
the actual pulse, final results are not effected. It is this same reasoning that is used to
justify having the long gate extend further than is necessarily needed in order to confirm
the whole pulse is captured accounting for any walk/jitter due to triggering. With the
charge recorded in both gates, the PSD value is then calculated with the same PSD
equation PSD = 1− QShortQLong .
Figure 5.6 shows the results with the CAEN card out performing that of the Aquis when
both have been setup to use the same charge integration PSD algorithm and charge gates.
This again is most likely due to the V1751 having a greater Bit depth (10 Vs 8). This
analysis justified the switch for all future work to the CAEN digitizer card however it is
important to note that all previous work with the Aquis card is useful as it was not used
in order to obtain the true ability of EJ-299 as a discrimination scintillator but rather
how when one aspect of either the scintillator or experimental setup changed what was
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the effect on PSD, in this regard the Aquis card served its purpose. To ensure the Lab-
VIEW code was accurately mimicking the CAEN cards in built processing, the CAEN
card was run in the mode allowing for complete waveform capture, this data set was
then replayed in the LabVIEW code with the same results as when the CAEN card had
been used in list mode.
Figure 5.6: FOM comparison of our LabVIEW based PSD to CAEN’s in built PSD. Done using
one of the 25x25x15mm EJ-299 pieces
It should be noted when counting statistics are low (as in 10,000 events) the resultant
PSD plots are not smooth. Data sets used for the majority of this work were accumu-
lated overnight resulting in data acquisition times of at least 12 hours. These improved
counting statistics help to smooth the FOM curves most notably at higher energies where
fewer events are seen.
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5.1.3 252Cf vs AmBe
As the majority of scintillators are made of a low-Z material and due to the mechanism
of how light is created within them, the overall energy resolution that is achievable in a
scintillator is a lot less than for over types of detector such as a HPGe semiconductor.
Figure 5.7 shows the energy spectra captured from Surrey’s AmBe source using a HPGe
detector. In the spectrum individual photo peaks are present, the energy resolution is
also high enough that the peaks can be distinguished from one another.
Figure 5.7: Energy Spectrum of Surrey’s AmBe source measured by a HPGe Detector
Contrast Figure 5.7 with that of the same spectrum recorded using the commercial EJ-
299 detector Figure 5.8. It can be seen although the general shape is the same, no
photpeaks are present due to the scintillator being a low-Z material [21], little informa-
tion about event energies can be drawn making source identification difficult.
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Figure 5.8: Energy Spectrum of Surrey’s AmBe source measured by the Commercial EJ-299
Detector
Importantly the application of the EJ-299 detectors in this work is for neutron gamma
identification and not necessarily spectroscopy, as such the poor energy resolution asso-
ciated with scintillators is not an issue. Comparing two widely used neutron sources, a
252Cf and an AmBe we again see no discernible energy information, however what we
do see is that the 252Cf source emits more lower energy events (0 - 300 keV) than that
of AmBe, see Figure 5.9.
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Figure 5.9: Energy Spectrum Comparison Between AmBe and 252Cf sources taken using the
EJ-299 commercial detector
In this work PSD quality is expressed in terms of event energy with lower energy events
resulting in lower levels of PSD as quantified by the FOM, due to the difference in de-
cay tails being smaller than that of their higher energy event counterparts. To acquire
enough events of the same energy to accurately gauge the PSD for a given energy would
have required too much time, instead in this work when a FOM value is quoted for an
energy, what this really means is from this energy including all energies above but not
below this value, see figure 5.10 for a visual depiction.
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Figure 5.10: Visual example of the method used for the calculation of PSD in this work
Looking at the AmBe and 252Cf spectra leads to an understanding of figure 5.11. A
higher ratio of low energy events to high, explains why a variation is seen in the PSD
values for events of 400 keV and below.
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Figure 5.11: FOM data for Cf and AmBe sources as measured by the EJ-299 commercial
detector and the CAEN V1751 digitizer
As more low energy events are used to calculate the low energy values of PSD in 252Cf
than in AmBe, a slightly lower FOM is achieved when measuring 252Cf than AmBe due
to the measurement being carried out for energy bands, however as the energy increase
the difference in FOM disappears. As for our work we are interested in higher energy
neutron and gamma events than 400 keVee, this will not affect the project.
5.1.4 Pulse Shape Discrimination Comparison with BC-501
Having established the correct equipment and operational parameters, a baseline level of
PSD capability of EJ-299 was measured and compared to a BC501A liquid scintillator.
Figure 5.12 shows the 2D PSD Vs long gate charge plots for Surrey’s AmBe source using
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the EJ-299 and BC501A scintillators, already it can be seen before the FOM values are
calculated that the regions relating to neutrons and gamma radiation are much better
separated in the liquid scintillator, importantly there is noticeable separation also seen
in the EJ-299 plots. Each detector uses the same sized active area of detection, further
to this both scintillators are geometrically the same, 2 inch diameter cylinders by 4cm,
therefore any efficiency difference between the two is then purely down to the material
composition of the scintillators.
Figure 5.12: Comparison of 2D PSD Vs non calibrated energy plots for EJ-299 (Left) and
BC-501A (Right)
The FOM of a function of energy shows how much better traditional liquid scintillators
are compared to EJ-299, with the majority of the BC501 FOMs being more than double
that of equivalent energy EJ-299. Before comparing the two detectors the BC501A liquid
detector was first optimized with regards to charge integration gate times. The long gate
was increased to 320ns as this was long enough to capture the entire event pulse from
the BC501A. Little adjustment of the short gate was also needed moving to 54ns Vs the
EJ-299 detectors short gate of 52ns. For these tests both photomultiplier tubes were
operated at their respective recommended operating voltages, this did lead to pulses in
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the BC501A liquid scintillator experiencing more clipping due to increased pulse ampli-
tudes of that detector. This is most likely the cause of the severe bend we see in the tail
end of the 2D plots for the BC501A detector. However as a baseline comparison it can
still be seen that the liquid scintillator is superior to that of the plastic with PSD in mind.
Figure 5.13: Energy calibrated comparison of FOM between EJ-299 and BC-501A
The results for the initial set of tests served to verify EJ-299’s capabilities as a n/γ
discriminating plastic. Using a commercial built detector of higher standard than one
that could have been produced from scratch at Surrey, allowed for bench mark tests
against other commercial scintillators. It was seen that as expected EJ-299 was capable
of n/γ discrimination in the same environments as BC501A just with a lower overall
PSD quality due to small difference in decay tails of light profiles resulting from gamma
and neutron events. However what these tests did show was that with the right equip-
ment (taking into account all the background work done by others) and optimization,
the commercial detector showed promise.
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It was therefore decided to move forward and see if EJ-299 was capable of being used in
our active interrogation environment system where aspects of the detector design and
high flux environments would further degrade the PSD from what was seen in the com-
mercial detector. The first step was to identify the ideal geometry of the scintillator to
allow for both localization and PSD, and then from this if there was anything else that
could be done on the detector end of the system to further improve upon PSD once this
criteria was met.
5.2 Scintillator Optimization with Regards to PSD
For the project the most important aspect of the final scintillator is its geometry, this is
the primary aspect of the detector that will allow the system to perform PSD along with
localization of a source via the RADical method proposed by UCL. From preliminary
work with cut pieces of EJ-299, it was known that as the scintillator moves away from
a small cube like geometry towards a flat panel shape, PSD degrades. Unfortunately
it was also known from the work undertaken by G.Randall at UCL that for the best
localization possible in their design, flat panels were needed, discussion follows later.
Setting the project aside, before work is done on testing various sized pieces of EJ-299
to see how PSD is affected, other factors that contribute to decline in PSD capabilities
must be understood and accounted for if possible. Having already covered the digital
acquisition system and processing software, the main sources of PSD decline originates
from the detector itself, more preciously in how much care and attention is taken when
producing the scintillator that is to be affixed to the PMT. The factors that can change
the PSD response of a scintillator are...
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• Light output - The intensity of the light, as a function event energy, generated in
the scintillator
• Surface Polishing - How rough or smooth surfaces impeded the transfer of light
from the scintillator to the PMT cathode
• Surface Coating - Whether it is best to coat the sides of the scintillator open to
air in either reflective or diffuse paint
• Method of PMT coupling - Should a coupling agent be used, are light guides a
help or hindrance.
The work over the next few sections will serve to expand upon these points as well
as others, unfortunately as was found with the digitizer cards, when improvements are
made to one aspect of the detector build this can often harm other areas. For example
capturing as much light as possible from the scintillator is an advantage as more light
increase the separation in light profiles that are seen between neutron or gamma induced
events. However if this is done through the use of light guides between the scintillator
and the PMT, an extra distance that the light has to travel between the scintillator and
PMT has been added which can distort the timings of the light profiles reducing PSD.
Another example is painting the cube with reflective paint in order for more light to
reach the PMT, this would increase the amount of collected light but as some of this
light has been reflected and traveled a greater distance than the light that has traveled
straight to the PMT having gone under no reflection, PSD is again harmed. it is imper-
ative that these factors are optimised. Figure 5.14 shows an example of how a 2D PSD
plot from EJ-299 from an AmBe source can be when not optimized, in this example the
cube is un-painted with little polish, no coupling other then just pressure to the PMT
and the original 8-bit Aquis digitiser used.
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Figure 5.14: Example of PSD quality for a 25x25x15mm piece of EJ-299 with little scintillator
optimization, energy axis un-calibrated
Unlike the 2D PSD plots shown in previous sections, the two regions due to neutron and
gamma events are thicker (relating to a larger spread in PSD values for a given energy)
and closer together. At lower energies the neutron and gamma distributions overlap
more. By implementing better scintillator optimization as outlined previously, this can
be improved so that better separation between the distributions can be seen.
Throughout the results certain considerations relating to the project as a whole had to
have been taken. The goal of the joint project was to design a detector system capable
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of not only PSD but also localization. In summary, the system had to be able to locate
a neutron source down to a 1m3 area. To preform the localization aspect of the system,
UCL suggested a redesign of a previously developed system by them, the concept of
which can be seen in figure 5.15 [77].
Figure 5.15: The original design of the RADical system
In this system a rotating rectangular slab of scintillator would move relative to a sta-
tionary source. As the scintillator rotates the depth and surface area of the scintillator
to the source changes. This change in geometry over time, results in a variation in
photon path lengths created in the scintillator and therefore the detection efficiency.
This changing detector efficiency is measured by the system and used to locate a source,
which coincides with the lowest light yield. The system plots light yield as a function
of time to produce a standard light cure that can be used to find the angle of a source
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from the detector. The problem for the project however is that following irradiation the
radiation output varies over time so a time dependent imaging system cannot be applied.
The redesign involves replacing the single rotating scintillator with a stack of 4 identical
scintillators directly coupled to PMTs and separated at fixed angles around the center
of each slab of scintillator, see figure 5.16. The neutron source location can be deter-
mined by comparing the count rates from each of the detectors to a standard response
curve that has previously been obtained using the original single rotating slab design.
However to further increase the variation in counts the scintillators need to be coupled
on the smallest face. UCL have stated that to accurately locate a source, the length of
the longest side that the scintillator has, at a minimum must be 8 times greater than
that of the smallest side to obtain enough variance in thickness of scintillator presented
to radiation (gamma/neutrons) to allow comparison to the standard light curves.
Figure 5.16: Concept redesign of the RADical system.
5.2.1 Effect of Material Geometry
Discussions with UCL with regards to the final detector design had lead to an agreement
that the best way to mount the scintillator to the PMTs was via a direct couple to the
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smallest face of the scintillator, this would allow for the largest difference in surface
area facing a source between the four detectors helping the localization. Work done into
coupling methods at Surrey (See 5.2.2) also show that for our system, this gives rise to
the best possible PSD. Given a scintillator that is coupled on only one face to a PMT
where the surface area is larger than that of the affixed cathode, any surface area of the
scintillator that falls out of the surface area of the cathode is lost, lowering the overall
light collection of the system and therefore reducing PSD capabilities, see figure 5.17.
Light guides to an extent could help solve this problem however the effect on PSD of a
light guide was found to be detrimental as discussed in 5.2.3.
Figure 5.17: Light collection loss due to incorrectly size matched PMT/Scintillator
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Having the limitation on detector geometry imposed by the RADical design, several dif-
ferent length pieces of EJ-299 were tested in the open test box (as detailed in section 4.2
with Surrey’s AmBe source. Their PSD quality was measured, each piece having been
cut, polished and painted at Surrey. It was hoped that by testing several pieces of EJ-
299 where the longest side was varied would show that at the minimum requirements
by UCL, PSD would still be achievable. Furthermore if the length of the longest side
could be increased past the 8:1 ratio and still be usable for PSD then the process of
localization would become easier. Table 5.2 shows the different geometries tested.
Table 5.2: Various sized pieces of EJ-299 produced for PSD testing
Scintillator Size
(mm)
25 x 25 x 15
50 x 25 x 15
75 x 25 x 15
100 x 25 x 15
120 x 25 x 15
Each piece was placed within the test box and coupled to the PMT using optical cou-
pling grease. Each test was carried out with Surrey’s water bound AmBe source. To
ensure comparisons were valid between the pieces, each data set that was captured for
the pieces were carried out at the same distance from the source each time with the cen-
ter of the scintillator under test in alignment with the center of the source. Figure 5.18
shows how the FOM changes with scintillator size for the different sized pieces.
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Figure 5.18: Figure of merit as a function of equivalent energy for various sizes of EJ-299
when the PMT is coupled to the smallest face of the scintillator
As seen previously, the PSD performance improves with event energy, reaching a FOM
of 0.95 for the most cube like (25x25x15mm) scintillator at photon energy of 1 MeV. Of
note is how when coupled directly to the largest face (25x25mm) the FOM for the most
cube like piece further increases as can be seen in section 5.2.3. The data also shows
a general trend of reduced FOM when moving from a cube to a flat sheet. To achieve
localization within the detector UCL deduced that the longest dimension of the detec-
tor had to be at least 8 times as large of the smallest. Unfortunately this shows that
increasing the scintillators length further would harm PSD too much therefore the final
size of the scintillator to be incorporated in the RADical redesign was the 120x25x25mm
piece of EJ-299 to compromise for PSD and localization performance.
Improvements to the PSD performance can be achieved by improving the light collec-
tion and hence the signal/noise ratio, and by optimizing the optical path and reflective
surfaces of the scintillator element. PSD from the 120x25x25mm piece of EJ-299 is tech-
nically poor however the PSD has been optimized for the geometry constraints required
by the imaging system. The quality of PSD will impact the neutron detection efficiency
and gamma rejection performance of the final system.
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Along with the effect that geometry has on PSD, a comparison of how energy spectra
vary was also investigated, little difference was found between energy spectra of the
different sizes, any difference that was seen was assumed to come from experimental
variance between tests. For this the same sizes were compared using a sealed 137Cs
Source in order to see if the Compton edges relating to the 662keV gamma decay shifted
in position for the different sized pieces of EJ-299, this was not seen.
5.2.2 Face/Coupling Work
During the optimization of the coupling, it was found the best PSD was achievable when
the largest face of the scintillator was directly coupled to the PMT (The ET-9120B win-
dow diameter 38.1mm) with the caveat that the entire face of the scintillator falls upon
the PMT’s cathode. If this is not the case, light will escape around the PMT as pre-
viously shown. For PSD, the light created in the scintillator ideally will arrive at the
cathode of the PMT as fast as possible minimizing distance traveled and therefore loss
in signal, this shows it is optimal to couple the scintillators largest face to the PMT as
this ensures the minimum path length light may have to travel before absorption by the
cathode. Detectors designed primarily for energy spectrum capture, often use tapered
light guides to increase light collection by funneling all light created in a scintillator to
the PMTs cathode. As localization requires the PMT to be coupled to the smallest face
of the scintillator, a light guide is not needed. Figure 5.19 shows how changing the face
the PMT is coupled to effects PSD for a single piece of EJ-299.
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Figure 5.19: How the PSD of EJ-299 is effected by the face the PMT is coupled to. Large
relates to the largest surface area of the 30x25x15mm piece.
Unfortunately it can be seen that coupling to the smallest side reduces the PSD, thank-
fully however as seen in figure 5.19, the PSD is still good enough to be used in our
detector setup. Further to this when coupled to an even larger side where the cathode
can not capture all the emitted light, PSD degrades, to see if this problem could be
fixed with the introduction of light guides between the scintillator and PMT several
light guides were created and tested with the same pieces used in 5.2.1.
5.2.3 Light Guides/Multiple Cube Work
Although out of the scope of the project due to the fact that it had already been deter-
mined that the scintillator needs to be directly coupled to the smallest face, the use of
light guides to couple the largest face of the scintillators to the PMT was investigated.
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In the case of the scintillators were the longest side would surpass that of the PMT, light
guides were built as shown in in figure 5.20, the length of which were 4cm, the edges
tapered so that the light created at the ends of the scintillator would be directed to the
PMT.
Figure 5.20: The light guides created for the PSD comparison of the largest faces
The scintillator and light guides were again painted in reflective paint and coupled using
optical grease and the effect the light guides had on the PSD was analysed. It was found
that when incorporating light guides to ensure all created light enters the cathode, a
reduction in PSD quality is seen. This is most likely due to adding two more optical
boundaries that the light must traverse between the scintillator and the PMT whilst at
the same time further increasing the distance the light has to travel serving to distort
the lights time of arrival.
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Figure 5.21: FOM as a function of energy equivalent showing the effect of a light guide on the
overall levels of PSD in EJ-299 for a piece measuring 25x25x15mm
In an attempt to reduce the distance the light has to travel before reaching the scintillator
whilst still coupling directly to the largest face using light guides, an idea was proposed.
Rather then using a solid large faced piece of scintillator, the same size scintillator would
be created from multiple smaller pieces separated from one another using the reflective
paint. The hope here was that by forcing any created light to enter the light guides earlier
by confining the space the light can travel in the scintillator using the reflective paint,
may lead to an increase in PSD capability. This idea was tested by using a number of
25mm x 25mm x 15mm cubes to recreate the previously built larger pieces. Figure 5.22
shows the results, instead of seeing any improvement, the only effect this had was to
further reduce the PSD.
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Figure 5.22: FOM as a function of energy equivalent showing how the effect of joining multiple
25x25x15mm pieces of EJ-299 together to form large panels, effects PSD
Further to this figure 5.23 shows that a solid piece of EJ-299, even a longer one, out
preforms that of the same sized made with multiple cubes. When coupled to a PMT in
the same way.
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Figure 5.23: FOM as a function of energy equivalent showing how PSD in a solid 100x25x15mm
piece of EJ-299 compares to one made up of 4 25x25x15mm pieces
This shows for our detector system the best PMT coupling that can be achieved is via
the smallest face so that the entire surface area is covered without the need of a light
guide.
Having tried multiple variations of light guides, scintillator geometry, face coupling and
an unconventional approach in trying to use more then one scintillator coupled together,
an ideal compromise was found that would allow both usable levels of PSD in the final
detector system, along with maintaining the ability of the system to localize a source.
Figure 5.24 shows the improvements from 5.14 that can be achieved.
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Figure 5.24: Example of PSD quality for a 25x25x15 mm piece of EJ-299 with ideal face
coupling, scintillator coating and digitizer choice
The most notable improvement is that the two separate neutron and gamma regions
are a lot clearer, being narrow in width with less overlap. To some extent this is the
most important achievement as although knowing an events energy is useful, the ability
to localize does not rely on this. However the other improvement that can be seen is
the resolution of the bands have increased. With this work complete, all future project
related testing will be carried out with a 120mm x 15mm x 25mm piece of EJ-299 that
has reflective paint on all faces bar the one that is to be coupled to the PMT. This free
side is to be affixed to the PMT using a light layer of optical coupling grease, that in a
final design can be replaced with coupling cement. A similar paper discussing the effect
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of scintillator geometry in EJ-309 shows similar work [78].
5.3 Mono-energetic Neutron Response in EJ-299
As previously stated in chapter 2 it is known that the light produced in organic scin-
tillators is always less intense for neutron events than light produced from equal energy
gamma events. Typical neutron energies present in 235U fission range over several MeV
with a mean energy of 2 MeV, with the combination of PSD and the correct measure-
ments of neutron energy it may therefore be possible to identify what source is present
in an active interrogation fission based event. The difference between light intensities
in typical plastic scintillators varies only slightly between the two types of radiation,
however with the correct equipment this difference can be measured. For neutron en-
ergies of a few hundred keV and below, a first order approximation can be considered,
with regards to energy spectrum calibrated with only gamma sources. Multiplying a
neutron energy by 10 will give a close result to the energy deposited by the neutron
in the detector (not always full energy) [21]. The higher in energy the neutron event
however the more this difference decreases with the two types of radiation producing
similar light intensities, multiplication by 10 is therefore no longer accurate. One way
of accurately showing this difference and what was attempted here at NPL is to use
neutron sources with low gamma backgrounds that have well defined end point energies
in order to achieve a separate neutron energy calibration.
The neutron facility at NPL, can produce mono-energetic neutrons with energies be-
tween 50 keV and 17 MeV. These energies are produced via a nuclear reaction, using
beams of protons or deuterons from a 3.5 MeV Van de Graaff accelerator to impact one
of various target materials. The charged particle beams energy and energy spread are
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adjusted using calibrated magnets to a ±2 keV accuracy.
The neutron-producing targets are centered in the middle of a low scatter facility, see
Figure 5.25, the target is placed at the center where the four red beams meet. This point
is at least 6m from any wall, floor or ceiling. This arrangement serves to minimize any
contribution of scattered neutrons from the measurements/experiments that are being
conducted.
Figure 5.25: Picture of NPL’s Neutron Facility
Supports are provided for neutron detectors, these supports can be rotated relative to
the beams target changing the angle at which the detector sees the neutrons, therefore
changing the energy of the mono energetic neutrons as only neutrons emitted along the
same path of the charged particle that impacted the target maintain the full energy. As
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the detector is rotated from the zero degrees position, the energy change is character-
ized by A + B ∗ COS(θ) where A and B are known and vary for each target material.
The supports also provide easy height and depth adjustment to allow detectors to be
positioned at ideal locations. The rotation is achieved by moving the segment of floor
the detector is positioned on, in Figure 5.25 the triangle floors between the red beams
and the beams themselves can rotate around the central plinth.
The neutron flux and energy are primarily determined by target thickness, make up
and detector geometry to source. Certain levels of shielding can also be implemented
to lower the gamma background and neutron flux, however this may introduce an addi-
tional source of scattered events. Table 5.3 shows the available targets. For this work
only two reactions were used, (D (d, n) 3He) and the (3H (p, n) 3He) at several angles
to produce mono energetic neutrons from 1.28 to 5.0 MeV. Although higher neutron
energies were possible, taking more readings at low energies was deemed a priority due
to time constraints and having neutron energies closer to the energies of the gamma
sources used for calibration.
Table 5.3: NPL Fast Neutron Targets and Associated Max Energies of the Produced Neutrons
Neutron Energy
(MeV)
Reaction
Appropriate maximum rates at 1 m
Fluence
(cm2 s1)
Ambient dose equivalent
(Sv h1)
0.144 7Li (p, n) 7Be 1.0 x 10 3 450
0.250 7Li (p, n) 7Be 6.0 x 10 2 440
0.565 7Li (p, n) 7Be 1.6 x 10 3 2000
1.200 3H (p, n) 3He 2.0 x 10 2 300
2.000 3H (p, n) 3He 6.0 x 10 2 500
5.000 D (d, n) 3He 6.0 x 10 2 870
17.00 3H (d, n) 4He 5.0 x 10 2 1000
Fluencies are measured using a calibrated “Long Counter” which has a 3-5% error. To
reduce the contribution of scatter in results, shadow cones can be used. The shadow
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cones are placed between the detector and the target in order to deflect neutrons from
the source, this results in only scattered events being recorded. It is therefore reasonable
to carry out an experiment twice, once without a shadow cone present and once again
with. In the case of spectrum analysis and even PSD analysis before work is done, the
data from the shadow cone present runs, can be subtracted from the no shadow cone
data in order to remove results due to background and scatter. This serves to reduce
contributions to results that are not coming directly from the target resulting in a cleaner
energy spectrum. Figure 5.26 shows an example of a shadow cone.
Figure 5.26: Picture of a NPL shadow cone
The EJ-299 commercial detector was used in the mono-energetic experiments, in each
experiment the detector was left for at least 1hr to accumulated data for various ener-
gies, with and without a shadow cone. The data was again recorded using the CAEN
digitizer and 2D plots created for each run. For each different target and angle setup, a
run with and without a shadow cone was recorded. The 2D plots relating to the tests
with a shadow cone were then subtracted from those without the cones, the resultant 2D
plots where than projected on the energy axis to form Mono Energetic energy spectra.
These plots where then used to calibrate the detectors with a separate neutron energy
calibration as opposed to a purely gamma calibrated one. Using the NPL Van de Graaff
generator a number of known neutron end point energies can be produced that exhibit
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a small gamma background. Shown in figure 5.27 is a 5MeV end point energy spectrum
recorded from NPL using a HPGe detector.
Figure 5.27: Energy spectrum for the 5MeV neutron reaction, measured using a HPGe detector
provided by NPL
Figure 5.28 shows the 2D PSD plot recorded using the CAEN V1751 digitizer and EJ-
299 commercial detector for the same 5MeV reaction.
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Figure 5.28: 2D PSD plots of the NPL D (d, n) 3He using the EJ-299 commercial detector.
All events above the red line are used in the neutron energy plots, whilst those below are excluded
as they are gamma events.
Of note is how much more intense the neutron region is then that of the gammas when
compared to earlier results taken using Surrey’s in house water bound AmBe source. It
can be seen that the more intense blue region, is now in the branch relating to neutron
events, i.e. those with a higher PSD value. By using the CAEN cards PSD capabilities,
separation of the neutron events and gamma regions, allows them to be projected sep-
arately on the energy axis, obtaining figure 5.29. Note here only a fifth of the events
recorded here were from gamma interactions.
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Figure 5.29: Energy Spectrum for the Titanium D-D 5MeV neutron reaction at NPL. Shown
here is the combined and separated energy spectra for the neutron and gamma events. Taken
using EJ-299 (Uncalibrated in energy)
Using only the neutron component a separate energy spectrum can then be calculated
for the neutron events, to do this the counts in the plateau region of the neutron only
spectrum are calculated. Half this value is then found in the decay part of the spectrum,
the channel number associated to the counts is then assigned the neutron energy. Each
target at NPL can be angled such that the end point energy changes, in total six sepa-
rate neutron spectra where recorded and used to obtain the neutron energy calibration.
Table 5.4 shows the six configurations used in this work.
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Table 5.4: Angle of targets used at NPL to achieve different end point neutron energies
Angle of Detector
From Source(θ)
Resultant Neutron Energy
(MeV)
T (p, n) 3He D (d, n) 3He
0 2.000 5.000
50 1.472 -
55 - 3.596
60 1.280 -
105 - 2.503
With six separate neuron energies now recorded, a separate neutron energy calibra-
tion can be achieved in much the same way one had previously done when using gamma
sources however this time using half maxima as detailed in 4.5.3. Unlike with the gamma
events, this energy calibration follows an exponential format. Plotting the real energy
of the neutron event as defined by target and angle against the channel number that
half the decay edge appeared at in the energy spectrum produced from the 2D plots
allows this to be done. Figure 5.30 shows the results along with the previously obtained
gamma energy calibration produced using sealed gamma sources.
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Figure 5.30: Data points for gamma and neutron events to allow for separate energy calibra-
tions, based on Radiation Type
Validation of the neutron energy calibration can be seen in figure 5.31 as the channel
number the end point neutron energy corresponds with (the channel number at half
the maximum value of the decay edge) follows the E3/2 relation that was expected for
neutron energies below 5MeV as stated in [21].
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Figure 5.31: Data showing channel number of the neutron end point energy, follows the expected
E3/2 relationship.
Rearranging the neutron and gamma energy calibration equations to make channel num-
ber the subject and setting the two to equal one another gives an energy correction
equation. A graph then can be used to shift the appearance of neutrons in an energy
spectrum to their correct place i.e. a energy spectrum given in terms of keVee is no
longer needed, instead by identifying the neutrons using PSD and shifting the energies
using the correction formula, we revert back to keV energy axis. For example a neutron
event that appears at 570 keVee can now be energy corrected to 3000 keV. Therefore
if used to measure the energy spectrum of an unknown source, the spread of neutron
deposited energy events can now be accurately represented, hopefully making it easier
to identify a source.
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Figure 5.32: Graph showing equivalent energies of neutron to gamma events as seen by EJ-299
Using this correction the 5MeV reaction has had its neutron events moved to better
represent the true energies.
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Figure 5.33: n/γ corrected energy spectra for the 5 MeV beam showing true recorded energy for
the events
This work shows that even with the reduced energy resolution that plastic scintillators
have compared with other detectors, EJ-299 can be used to correctly identify the energy
of neutron events in a gamma background.
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Summary
A system capable of n/gamma discrimination utilizing EJ-299 plastic scintillator as
the detection medium has been demonstrated. It has been shown that EJ-299, the first
commercially viable plastic scintillator capable of n/gamma discrimination, has sufficient
levels of pulse shape discrimination to be used in many of the fields where traditionally
only liquid cell scintillators have been viable. Although the levels of pulse shape discrim-
ination are low when compared to liquid scintillators such as BC501A, the use of a fast
digital acquisition system for pulse processing using charge integration to discriminate,
was shown to be more than enough to pick up on the differences in pulses that arise
from neutron and gamma events incident on the detector.
The question of whether EJ-299 based detectors are viable in high flux environments,
such as the ones that are present in active interrogation environments has been partially
answered. It was found that traditional dynode based photomultiplier tubes, cannot
handle high flux environments (as produced by an x ray generator) as pulse pile up and
detector saturation becomes a problem, instead at higher fluxes PMT based detectors
switch over to a DC mode of operation. Increasing the flux further results in detectors
going dead for a number of milliseconds before becoming operational again. This dead
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time leads to a reduction in the signal that can be measured after the initial high flux
has diminished.
By incorporating a gating circuit coupled to an external trigger into a commercial EJ-
299 detector an attempt to overcome the difficulties of using scintillators in a high flux
environment was tested. By using a more suitable detector to measure only the flux
level of the environment such as a silicon pin diode tied into the gating board, the hope
was when levels that the PMT could handle were reached, the gating board would turn
the detector on. Although this proved a partial success, it was found that the time for
the gating board to switch and the subsequent PMT warm up time was longer than
expected. Moving forward if PMTs are still the desired electronics of choice, shielding
against gamma radiation should be investigated, this was not looked into originally as
shielding may add sources of reflection into the system that would harm the localization
requirement of the system.
Optimization of the scintillator geometry and coupling to the PMT was investigated in
order to achieve the best pulse shape discrimination. The introduction of light guides
and reflective paint to ensure better light collection were investigated but found overall
to have a detrimental effect on PSD. Instead in systems where PSD is priority directly
coupling the scintillator to the PMT is ideal. Further to this the scintillator should be
cube shaped in geometry and as small as reasonably possible to limit the differences
in generated light from the same type of radiation. A redesign of a previously built
UCL detector system using EJ-299 was created in order to perform source localization.
Due to the dynamic radiation field in AI environments, the design was changed from a
single flat panel rotating scintillator to a stack of 4 static small rectangular scintillators.
Thanks to the optimization of the detector and subsequent DAQ, levels of PSD were still
high enough to distinguish between neutron and gamma events even though the pieces
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of EJ-299 used could not be the ideal cube shape.
Using a commercially built EJ-299 detector from Scionix and the fast neutron generation
facility at NPL, separate neutron energy calibrations were obtained for EJ-299. This
will allow the adjustment of neutrons in an energy spectrum to be placed at the correct
energy levels, this therefore removes the need for MeVee energy axis and instead MeV
can be used, this is only possible in systems that can discriminate between neutron and
gamma events.
Future Work
Other aspects that still need to be investigated for this type of system are the radiation
hardness levels of the plastic and alternatives to PMT. Light produced from scintillators
due to radiation exposure typically peak around a specific wavelength with a spread
either side. Using an optical spectrometer in this case an Ocean Optics QE65000 the
light emitted from a scintillator can be measured and a transmission spectrum obtained.
Samples of EJ-200 and EJ-299 were exposed to a high X-Ray flux by making use of
the mini-X, X-Ray generator. In both cases a 10mmx10mmx10mm piece of scintillator
was created and optically polished, one side was then affixed to an optical fiber that
feeds into the Ocean Optics unit. Each piece was sealed within a light tight container
as to ensure that the light measured by the spectrometer was only coming from the
scintillator itself. For each run a base line/background level was established by first
running the spectrometer with no source present. The X-Ray tube was then turned
on operating at maximum current to ensure as much light generation in the plastic as
possible. Figure 6.1 shows the optical spectrum produced for the EJ-200 sample along
with that provided by Eljen on their website. It can be seen that the two closely match
one another again justifying the selection in PMT as it was designed to be most efficient
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around the blue part of the visual spectrum.
Figure 6.1: Optical spectrum of EJ-200 as recorded by the QE65000 (top) and by Eljen (Bot-
tom), taken from [3]
Figure 6.2 in contrast however seems to be missing part of the spectrum that Eljen show
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in their examples. One hypothesis here is that this may be because irradiation of the
sample was not done with any neutrons present, if in a scintillator capable of PSD the
light produced by the two different radiation types produce mainly different wavelengths
of light, this may lead to future possibilities on how to further improve PSD. For exam-
ple, if an optical filter is introduced between the scintillator and the anode of the PMT
designed to block out certain wavelengths, it maybe possible to emit light due to either
gamma or neutron radiation before it even enters the PMT. This would help reduce the
problem of a high gamma background as the detector as a whole may become gamma
insensitive.
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Figure 6.2: Optical spectrum of EJ-299 as recorded by the QE65000 (top) and by Eljen (Bot-
tom), taken from [3]
Investigation into EJ-299’s radiation hardness has started. Much work has been done
into the effects high dose irradiation has on plastic scintillators, the main body of this
work focuses on γ ray irradiation rather then neutron. When it comes to neutrons,
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the majority of the work has been into scintillation fibers [79, 80, 81]. Solid plastic
scintillators have seen testing [82], but there is less of it. Thanks to the development of
EJ-299 we now have a polyvinyl toluene (PVT) based scintillator capable of n/gamma
discrimination.
Effects to be measured
1. How the optical transmission of light is effect at varying neutron doses
2. How the Pulse Shape Discrimination (PSD) properties of the plastic change with
neutron dose
3. Does the structure of the plastic change in any noticeable way
Through the continuous absorption of radiation materials become damaged. In the case
of scintillators this damage occurs most prominently in the scintillation dyes that must
be present within the plastic to allow it to act as a scintillator. The damage done to
these dyes cause a shift in the emitted wavelength from the scintillator, in some cases it
also causes the formation of additional absorption centers leading to a reduction in the
overall light yield. This will inevitably lead to a reduction in PSD but by how much
is yet to be seen. Neutrons have been chosen as the source of irradiation rather than γ
rays for two reasons, the first being that the intended use of these detectors will be in
high intensity neutron fields, the second being that neutrons are heavy particles, they
transfer more energy over a given length path then γ rays. This high linear energy
transfer (LET) causes changes that γ rays do not [83]. As this scintillator is to be used
in many applications, some of which in the presence of a high flux neutron environment,
its behavior over time to the exposure of neutrons must be understood. in general light
transmission reduced after extensive irradiation leading to damage.
Four pieces of EJ-299 measuring roughly 27x27x17mm and 4 pieces of EJ-200 of the same
size have been sent to North Carolina for neutron irradiation using their reactor, in each
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case a 5th piece remained at Surrey as a control. As this is a reactor source, there will
be a mixed thermal/fast neutron field with a gamma background. For the irradiation,
the thermal neutron component of the source has been minimized by wrapping the
samples in cadmium making the sample irradiation predominately fast neutron based
and background gammas. Placing the scintillators in position near the reactor can lead to
an irradiation flux of 1012 neutrons per cm2 per s. Below are the exposures culminating
in a dose of no more than roughly 350 kGray for a 1680 minute exposure.
Sample
Exposure Time
(minutes)
Overall Neutron Flux
per cm2
EJ-299 - 4 1680 1017
EJ-299 - 3 180 1016
EJ-299 - 2 17 1015
EJ-299 - 1 2 1014
EJ-299 - Control 0 0 (Control)
EJ-200 - 4 1680 1017
EJ-200 - 3 180 1016
EJ-200 - 2 17 1015
EJ-200 - 1 2 1014
EJ-200 - Control 0 0 (Control)
As these samples were irradiated using neutrons, it is important to be aware of any trace
impurities metals present in the scintillator that may activate during exposure. Such
impurities can be introduced either at the manufacturing of the plastic or its machining
at later stages, Eljen have assured me no trace impurities are present, however after the
exposures were complete it was reported that the samples had become active and had
to remain in the US for a few months before the level allowed by transport (<5uSv/hr)
had been reached. Figure 6.3 shows the returned scintillator pieces.
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Figure 6.3: The Samples of EJ-299 and EJ-200 after Neutron exposure at North Carolina State
University
Of note is how the colour changes with higher total accumulated dose, leading to an
eventual blackening of the highest exposed. The next step will be to place these pieces
in the dynamic test bed and see how the levels of PSD have deteriorated when compared
to that of the control piece.
In summary EJ-299 marks the first successful step towards plastic scintillators being used
for n/gamma discrimination, with advances in data acquisition systems and PMTs, pro-
ducing better PSD results are no longer derived solely from the scintillator, instead the
system as a whole must be understood to achieve the best PSD possible. Its use in a
high flux environment is possible, however precautions must be taken in order to not
saturate the system. The radiation hard levels of EJ-299 are under investigation.
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